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INTRODUCTION 
The importance of understanding the effect of manure on soil is in a period 
of revival to agronomists. Traditionally, it was important to maximize the unique 
ability of the soil to convert the nutrients contained in manure into valuable crop 
producing potential. Recent changes in agriculture have decreased the relative 
importance of this ability of the soil, but they have simultaneously increased the 
importance of the ability of the soil to dispose of these same nutrients. The pri¬ 
mary objective for the land application of manure is therefore shifting from nu¬ 
trient conservation to manure disposal. The decline in the relative value of these 
nutrients occurring concurrently with the concentration of livestock production 
have resulted in trends toward heavier rates of manure application. 
Even though manure is being applied at increased rates today, there have been 
few studies which carefully evaluate the efficiency of the soil to function as a 
manure disposal system under these conditions. Little work has been done to 
determine the rates of application which would be most desirable in view of the 
new objectives. 
The magnitude of the manure disposal problem and the associated environmental 
threat demand a better understanding of the capacity of the soil to function as a 
manure disposal system. 
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While there are many possible problems associated with land-manure disposal 
systems, the problem of excess nitrogen is among the most acute. This study 
focuses on the problem of excess nitrogen by exploring one possible route by 
e 
which unwanted nitrogen in manure could be rendered environmentally safe. 
Denitrification is a process native to the soil, and also the process which would 
be utilized to remove the nitrogen from this manure if it was processed in an 
engineered sewage treatment system. The purpose of this study is to explore 
denitrification as a nitrogen disposal mechanism in heavily manured soils. 
LITERATURE REVIEW 
The Nitrogen Problem of Animal Wastes 
There is growing concern about the effects of agricultural practices on en¬ 
vironmental quality. Recent reviews (53, 92, 93, 97, 103, 104, 105) identify 
animal wastes as primary offenders in the contamination of surface and ground 
water supplies. Surface water contamination has been attributed to manure, 
silo, and feedlot drainage because of an increasing number of fish killed (53). 
Livestock related activities causing contamination of water supplies, often with 
harmful effects on livestock or people, has been reported (47, 53, 98). Large 
concentrations of nitrogen and other potential contaminates have been reported 
in soil profiles under barnyards and feedlots (35, 38, 47, 66, 93, 98), often with 
downward movement (38, 47, 93, 98), and lateral dispersion (38 , 47) of nitrate. 
Increased concentrations of nitrate available for leaching have been reported in 
heavily manured soils (55, 57, 59, 67, 75, 107), and it is also reported that these 
soils present a nutrient runoff problem (7). Nutrient budgets (37, 90) for farming 
operations have been calculated, often showing significant amounts of nitrogen 
available for water contamination. The number and diversity of these accounts, 
both in geographic location and method of study, show beyond any doubt that a 
problem of water contamination with nitrogen from animal wastes does exist and 
that it deserves immediate attention. Loehr (52) has eloquently expressed this as 
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a conflict between environmental quality and maximum agricultural productivity 
and efficiency; a conflict presenting a challenge requiring the combined talents 
of "engineers, economists, animal scientists, agronomists, planners, lawyers, 
and administrators" to resolve. Indeed, studies of animal waste disposal problems 
originate from all these fields. These studies almost unanimously agree that more 
knowledge about the quantitative relationship of animal wastes to pollution is 
needed, along with alternative methods of avoiding such pollution. Basic to this 
is a need for knowledge of the effects of manure on soil. This knowledge is re¬ 
quired not only to establish when a hazard is present, but also for the effective 
and efficient design of alternative treatment systems, because the soil remains 
the ultimate receiver of the treated products. 
Land Application of Manure 
The unique ability of soil to transform animal wastes into valuable crop 
producing potential has traditionally made the land application of manure almost 
an economic necessity. The 1937 Yearbook of Agriculture (88) points out that the 
annual production of manure in the United States contained nutrients which would 
cost six times the amount spent for commercial fertilizer in 1936. It was realized 
that only a small portion of this crop producing and soil conserving potential was 
actually achieved, and the overwhelming concern of related research was to 
develop storing, handling, and management practices which would conserve as 
much of the fertilizer value of this resource as possible. The difficulty in mini¬ 
mizing losses of nutrients was demonstrated in a study (89) which showed that the 
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relative value of increased crop yields decreased from 100% to 71% to 49% 
when manure was spread on land and ploughed in immediately, after two days, 
and after 14 days, respectively. 
Consistent with this traditional value of manure and concern for the preser¬ 
vation of its nutrient value, great volumes of literature are available concerning 
the effect of manure on soil. There are several good reviews on the composition 
of animal manures (53,88,89), the decomposition process (2,88, 89), and the 
nitrogen transformations (1,12) as it is incorporated into the soil system. Because 
of the complexity of these subjects and their interactions, no general summary is 
attempted, however, specific points will be discussed as need arises. 
Recent changes in agriculture have greatly reduced the relative value of 
manure. Comprehensive reviews (53, 103) have documented the recent marked 
increases in productivity and efficiency coupled with changes toward specialization 
and larger agricultural operations. These changes have in effect separated the crop 
production areas from the manure production areas, and the latter find themselves 
with increasing amounts of manure and limited or no crop land at all on which to 
dispose of it. To this increasing percentage of manure producers, manure is simply 
a waste, to be disposed of with as little cost as possible. This often means just 
leaving it in the feedlot where it is produced. 
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A recent Cornell study (60) revealed that even where land is available the 
cost of handling and spreading manure usually exceeds the value of increased 
crop yields. Under these conditions the primary reason for the land application 
of manure is that land application is the cheapest disposal method, and careful 
and efficient handling may supply at least partial reimbursement of disposal costs 
(106). The fact remains, however, that more and more, the primary reason for 
land spreading of manure is disposal, and the fertilizer value is no longer an 
economic consideration. 
Soil as a Manure Disposal System 
As the primary reason for the land application shifts to manure disposal, it 
is apparent that there is little information about the effectiveness, capacity, and 
potential of the soil to act as a manure disposal system. Earlier studies, reflecting 
the traditional value of manure as a fertilizer, were primarily concerned with con¬ 
serving nutrients to maximize benefits. These studies, where excesses of nutrients 
are carefully avoided, provide only suggestions of what happens when the nutrients 
are deliberately and repeatedly applied far in excess of amounts that can be util¬ 
ized by plants. 
The soil system has always been recognized as a water purification system. 
A recent list of titles which reflect this capacity includes, "Waste Water 
Renovation by the Land — A Living Filter" (45), "Soil Mantle as a Water 
Treatment System" (17), and "Returning Wastes to the Land, A New Role for 
Agriculture" (17). Bouwer (17) envisions that the purifying power of soils will 
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provide a new role for agriculture in which land application of wastes becomes 
an important part of municipal sewage treatment. He describes numerous pilot 
projects around the world, which sometimes encompass as much as 20,000 to 
30,000 acres. 
These authors at least qualitatively identify the soil as a valuable purification 
system. The widespread documentation of the nitrogen problem listed earlier 
suggests that modern livestock production practices are not receiving maximum 
benefit of this system. Presumably, the concentration of wastes resulting from 
recent trends toward centralization of livestock production have exceeded the 
soil's ability to purify (7, 47, 93, 104). If environmental hazards are to be avoided 
as this trend progresses, the capacity of the soil as a disposal system must be known. 
A careful review of the literature reveals that there are several indications 
that the soil purification process is effectively operating at least part of the time, 
even under concentrated livestock production conditions. Work done in Nebraska 
(66) used observation wells and soil cores to observe the movement of nitrates from 
a feedlot. They reported that the downward movement of nitrates and other forms 
of nitrogen was minor. Concentrations of all forms of nitrogen declined rapidly 
with increased depth below the surface of the manure pack, which was 12-15-in. 
deep. They reported that the manure pack itself decreased the actual penetration 
of nitrogen into the soil profile. Water taken from the underlying aquifer contained 
generally low nitrate concentrations, and when nitrate concentrations did rise above 
public health standards, the increases could be attributed to factors outside the 
feedlot. Low redox potential at all depths in the soil profile indicated that de- 
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nitrification may have occurred beneath the feedlot. The presence of methane 
in the soil atmosphere observed in another study (35) further demonstrated the 
extreme reducing conditions under the feedlot. 
Gillham and Webber (38) in Ontario utilized piezometers and water table 
observation wells to study leaching of barnyard contaminates into ground water. 
The barnyard had been used for seasonal storage of manure for more than 50 years. 
The study was conducted over a 5-month period during which time an average 
quantity of 100 cu.yd. of manure was stored on the yard. The total amount of 
nitrogen which reached the water table during the entire test period was "sur¬ 
prisingly small, 2.0Kg". The highest average concentration for any sampling 
site was 3.4ppm nitrate-nitrogen. 
Vermont workers (49) studied the fate of nitrogen when heavy applications of 
manure were applied to continuous corn. Because the chloride to nitrate ratio 
increased with depth in the soil profile, they concluded that significant amounts 
of nitrate were lost through denitfication. 
These studies present quite a different picture of the soil's ability to act as a 
manure disposal system, than do those cited to document the nitrogen problem. 
Part of this disparity can be attributed to differences in conditions and effective¬ 
ness of soils. Much of the difference , however, is simply the perspective from which 
the data is examined. Many studies have been conducted with the objective of 
demonstrating the problem and have often failed to make distinctions necessary to 
properly evaluate the problem found. Commonly, the problems caused by manure 
disposal are not distinguished adequately from other problems. The increasing fish 
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kill data cited by Loehr (53) demonstrates this. In a table headed "Fish Kills 
Attributed to Manure, Silo and Feed Lot Drainage" under "numbers of fish killed, • 
in thousands" for the United States, he lists 1,156; 617 and 1,805 for 1964, 1965 
and 1967, respectively. Checking his sources (8) (1964 was unavailable) this 
table should correctly read 617; 1,040; 1 ,268; 35 and 237 for 1965 through 1969, 
respectively. These figures do not show an alarming increase. Loehr's (53) 1967 
figure was the total for all agricultural operations, of which manure, silo, and 
feedlot drainage was only a part. In the text he did note a drop in 1968 but did 
not present this data in the table. 
Anderson (7), speaking as a representative of the Office of Research and 
Monitoring of the Environmental Protection Agency, provides an excellent 
example of where correct data can be interpreted in a way not entirely correct. 
He warns that applications of manure in excess of soil assimilation rates results 
in a concentrated waste runoff problem capable of fostering chronic pollution 
problems. He presented a table headed "Quality of Runoff from a Corn Field 
Treated with Manure at 100 Tons Per Acre" which indeed showed increased 
concentrations of several contaminates. The table is supported by a recent 
Cornell study (114) which obtained similar results, but also showed that runoff 
volume was greatly reduced when manure was applied. When there were sig¬ 
nificant differences in total nutrient runoff, there was less from the manured 
soil. Another investigator (11) obtained similar results and titled his article, 
"Runoff: Apply More, Not Less Poultry Litter to Reduce Pollution". Apparently, 
Anderson failed to distinguish between quality and quantity in evaluating the 
runoff problem. 
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Work of Keller and Smith (47) and Smith (93), in Missouri, has been widely 
quoted as an indicator of animal waste contamination of ground water. These 
workers tested more than 5000 samples from Missouri ground water supplies and 
found that 12-75% of the samples in individual counties had more than 5 ppm 
nitrate-nitrogen. They concluded that "the dominant source of nitrate in 
Missouri ground water supplies at the present time was clearly nitrogenous 
waste material from feedlots". This conclusion was based on "a plot of the 
number of cattle and hogs per county against percent of water supplies con¬ 
taining more than 5 ppm N" which "yields a cluster of points from 20-60 ppm N 
in counties where feeder livestock population is typical, i.e., about 25,000- 
50,000". This graph was not presented and no correlation coefficient was given 
to further describe their "cluster of points". They also concluded that nitrate 
fertilization was not a major factor in ground water contamination, based on a 
plot of percent of water samples greater than 5 ppm NOg -N, versus pounds of 
nitrogen applied per county. This graph was presented to show the lack of 
correlation, and the correlation coefficient of .0927 was given. It was also 
reported that the livestock numbers by county correlated with the nitrogen 
fertilizer use (r = .75). In view of the interrelation of these three plots, one 
has to wonder if the "definite statistical relationship" described by the "cluster 
of points" was significant, and if so, whether it was proper evidence for "NO3 
contamination of water tables in Missouri which we believe may be representative 
of the nation as a whole". 
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It seems that Smith's conclusion could have more appropriately been that 
nitrate contamination ofwater supplies by animal wastes is likely to be a problem 
to rural farm families whose water supply is located too close to feedlots or 
manure piles. This was the exact conclusion of Olsen et al. (74) in a similar 
study in Wisconsin. 
Frink (37) based the calculations for his nitrogen budget on several assumptions. 
One was that nitrogen volatilized was balanced bynitrogen replaced by the rainfall. 
From an animal manure point of view, this seems difficult to accept in view of the 
great difficulty earlier workers had in conserving nitrogen in manure. This study 
does, however, suggest that if volatile losses were increased by "improper 
handling" of manure, or by concentrated livestock conditions, then the overall 
nitrogen balance problem, as he presented it, could be improved by adopting 
these practices. 
In analyzing the problem many investigators have simply failed to recognize 
that the soil is now being utilized as a manure disposal system and should be 
evaluated as such. This is often not recognized and the soil is only evaluated 
> 
for what it does not do, rather than what it does do. A prime example of this 
is that GiIlham's study (38) (as previously mentioned) has been cited to document 
animal waste contamination of ground water. The barnyard was specifically 
chosen for study because it was suspected of contaminating ground water. At 
any of the sites tested in the immediate vicinity nitrate rarely reached the public 
health limits. The authors calculated that each of the 60 cows housed at this 
location could yield 16.8 Kg of nitrogen to the ground water, yet the total 
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amount lost to the water table during the 6-month period was only 2.0Kg. This 
study provides powerful testimony that the soil is operating as an effective disposal 
system. Yet, interest seems to be on the small portion of nitrate present that passed 
through the profile, ignoring the large portion which did not. Even the most mod¬ 
em municipal sewage treatment plants do not, in normal operation, remove all of 
the nitrogen present, and it would be unrealistic to evaluate them only on the part 
not removed. Likewise, v/hen the soil is being used as a disposal system, it should 
be evaluated by the same criteria as alternative disposal systems. 
Many studies have shown that a soil changes v/ith heavy applications of manure, 
but these changes are seldom evaluated for their effect on the ability of the soil to 
act as a manure disposal system. There is evidence that some of these changes may 
enhance this ability. Washington workers (32) studied the quality of v/ater flov/ing 
beneath feedlots and reported that at first, nitrates, chlorides and organic materials 
did leach to nearby v/ater supplies, but they also noted that the process v/as soon 
arrested by changes in the soil surface. Murphy (67) observed that when heavy 
rates of manure were applied to a soil, high nitrate levels occurred, but the levels 
decreased in the second year of application. Similarly, in a Florida study (77) 
where farm wastes were liquified and pumped on land, nitrate levels were high 
at first but after about 35 days dropped to a much lov/er level. 
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Sanitary engineers (10,54, 84) have shown that nitrogen in wastes is best 
removed by alternating nitrification and denitrification. The presence ofnitrate 
in soils following the application of manure suggests that nitrification is at least 
to some extent occurring. The occurrence of methane and low redox potentials 
in these soils suggest that conditions conducive to significant denitrification are 
also sometimes present. 
Denitrifi cation 
Denitrification is a process where nitrogen in organic or mineral form is 
converted into nitrogen gas or gaseous nitrogen oxides. It would be a very 
desirable means to dispose of large amounts of excess nitrogen because the 
major product of the reaction is nitrogen gas, which could not adversely effect 
the environment. This process is native to the soil, and the extent to which it 
proceeds is of prime importance in determining the capacity of the soil to dispose 
of nitrogen. Recent reviews (1,3, 23,46,80) reveal that denitrification has 
generally been considered to proceed at negligible rates in normal, well-aerated 
field soils, but is very significant in waterlogged or anaerobic environments such 
as paddy soils. Recently, there has been rising interest in determining the sig¬ 
nificance of the reaction under conditions between these two extremes. 
There are several different mechanisms by which denitrification can proceed. 
The term "denitrification" is often reserved for biological or enzymatic processes 
which liberate or N^O. These processes are performed by facultative anaerobic 
bacteria which in the absence of O^ can utilize nitrate as a terminal electron 
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acceptor. This is a nitrate respiration or dissimilatory pathway as opposed to 
an assimilatory pathway where the nitrogen would be incorporated into micro¬ 
bial tissue. 
Several different bacteria have been shown to be denitrifiers (2 , 76, 102) 
and in general it is accepted that the pathway goes from NO” — NO” -* 
N2O -*• with other less well-established or unknown intermediates 
(26,30, 108). 
Environmental factors have been studied, and in general, it has been shown 
that biological denitrification: [1] increases as oxygen availability decreases 
(19,27,81,108); [2] increases with increasing water content (19, 56,81,108); 
[3] increases with increasing temperature (19,30); [4] increases with increasing 
pH (19, 34); [5] increases with presence of readily oxidizable carbon (19, 22,34); 
[6] increases in the presence of living plants (96, 109); and [7] increases with 
freezing and thawing (61). Work has also shown that nitrification and denitri¬ 
fication can proceed in the same soil simultaneously (24,40). Bollag (16) has 
pointed out that predictions about what happens in the field are impossible 
because of variations among bacterial species in their denitrifying character¬ 
istics. The situation is further complicated by different responses to environ¬ 
mental change and interactions among these organisms. 
In addition to the biological mechanisms there are chemical denitrification 
mechanisms which usually involve nitrite anchor organic substances. These re¬ 
actions are very complex in the soil and are not well-understood. In very general 
terms it might be stated that these reactions: [1] yield NO, NO2/ and ^ 
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in varying proportions as gaseous products (28, 70, 85,91,95); [2] are unaffected 
by sterilization (69,70, 101); [3] are increased with decreasing pH (29,69, 70, 
91); [4] proceed almost immediately after the addition of nitrite (91,101); 
[5] yield increasing amounts of as gaseous product with increasing organic 
matter (29,69, 70); and [6] are often identified by a specific product with which 
nitrite reacts as exemplified by decomposition of NH^NC^ (4, 91), reaction with 
urea (95), and reaction with amino acids (4). 
The true complexity of the process unfolds when it is realized that denitrifi¬ 
cation can proceed by partly biological and partly chemical mechanisms (29, 95), 
and that the products of the faster chemical reactions can be shown to be in at 
least partial equilibrium with the substrates or intermediates of the slower micro¬ 
bial denitrification (28). 
Numerous methods have been used to study denitrification in soil. Field 
A 
sampling of the soil atmosphere has revealed the presence of nitrous oxide (25, 
62,68, 110), but because of the omnipresence of nitrogen gas in large quantities 
in the atmosphere, quantitative estimates of the significance of the reaction in 
the field cannot be obtained. Studies have also used the disappearance ofnitrate 
(29,49,56) or total nitrogen (18, 19) as measures of denitrification. Gas lysimeters 
have been used (86,96) allowing the distinct advantage of monitoring the increase 
in products of the reaction as well as the disappearance of reactants. When studying 
denitrification it is important to realize that significant losses of nitrogen can occur 
during short-term bursts of very rapid denitrification (62). The ephemeral occurrence 
of nitrous oxide in soils after a rain (25) supports this idea and suggests that it is 
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possible that under normal field conditions these bursts of denitrification may 
represent the only significant losses of nitrogen by this reaction. 
One method of study which allows for this factor and also evades the complex 
environmental variables is to define a denitrifying capacity for the soil. This 
method (48) refers to the denitrification a soil will produce under a given set 
of conditions. It allows comparisons of different soils and an estimate of the 
denitrification possible in a particular soil under these conditions. The de¬ 
nitrifying capacity reflects interactions of numerous physical, chemical and 
microbiological properties of the soil, most notably: numbers and types of 
organisms present, amount and forms of nitrogen present, availability of oxi- 
dizable substrate, and supply of oxygen in relation to demand. If all variables 
are adjusted to optimum conditions, then seemingly fantastic rates of denitrifi¬ 
cation can be realized. Bremner and Shaw (19) have shown that 90% of 1000ppm 
NOg -N in soil can be denitrified in two days. Wijler and Delwiche (108) ob¬ 
served nitrogen losses equivalent to 109 Ib/A in 2 days and 261 Ib/A in 14 days 
when conditions were completely anaerobic. It is of special interest thatsewage 
treatment systems are being designed that are achieving similarly rapid rates. A 
sewage plant in Fresno, California (94) developed a filter bed system which could 
denitrify 90% of approximately 20 ppm NOg -N with a detention time of 1 hour. 
Balakrishnan and Echenfelder (10) reported a batch denitrification process in 
which 97% of 32.5 ppm NO^ -N could be removed in 3.2hr. 
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It is obvious that these rates were achieved under conditions quite different 
from field conditions. It should be pointed out, however, that many of those 
studies which have been used to document the nitrogen problem have clearly 
shown that a heavily manured soil has changed and that it also differs from 
traditional field conditions. Many of these changes favor optimal or enhanced 
conditions for denitrification. The presence of excess nitrogen, especially in 
the nitrate form, coupled with excesses of readily oxidizable carbonaceous 
material, are common to both the heavily manured soil and optimal denitrifying 
conditions. The presence of reducing conditions, demonstrated both by the 
presence of methane and by low redox potentials is also indicative of an en¬ 
hanced denitrifying potential not found in normal well-aerated soils. The 
relation between redox potential and denitrifying capacity is critical and 
deserves special consideration. 
Anaerobiasis 
Anaerobic reactions, although not important in normal well-aerated field 
soils, are very important in paddy soils, river muds, and during the processing 
of sewage in sewage treatment plants. Because of their importance in these 
fields, they have been studied extensively and excellent current reviews are 
available (9, 15,46,51,112). As pointed out in these reviews, these reactions 
are best described in terms of redox potential, the use of which has received 
rigorous development by Stumm et al. (99) for natural systems. 
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Studies from river muds and paddy soils reveal that there is a definite 
sequence of events which occur as anaerobic conditions develop. Generally, 
this involves a drop in redox potential, decreases in the amount of oxidized 
material, and increases in reduced materials. 
When a soil is flooded, anaerobic reactions begin with the disappearance of 
oxygen. When oxygen is present it is utilized as a terminal electron acceptor by 
the microbial population, and thereby dominates the redox scene. When oxygen 
is depleted the redox potential falls until a group of facultative anaerobes, the 
denitrifiers, utilizes nitrate as a terminal electron acceptor. This process, of 
course, decreases the concentration of nitrate in solution, and liberates nitrogen¬ 
ous gases. 
As the redox potential falls further, manganese and then iron oxides serve 
as electron acceptors for other groups of facultative anaerobic organisms. These 
substrates are thereby converted from relative insoluble oxidized forms to rela¬ 
tively soluble reduced forms. Therefore, as the redox potential drops, increases 
in soluble manganese and iron can be observed. 
Further drop in redox potential is accompanied by obligate anaerobic re¬ 
duction of sulfur compounds to sulfides, and the reduction of carbon compounds 
resulting in the production of methane gas. 
The approximate potentials at which these events occur are presented in 
Table 1 . Reviews of the microbiology and thermodynamics are available for the 
manganese transformations (83), iron transformations (76 , 82), and methane pro¬ 
duction (51,100). These reviews indicate that caution must be applied when 
TABLE 1 
STEPS OF METABOLISM IN WATERLOGGED SOILS 
System 
Redox Potential 
Range (mV)* 
Initial Redox 
Potential (mV)** 
1. Oxygen disappearance + 500 to + 350 + 600 to +500 
2. Nitrate reduction + 350 to +100 
3. Mn^+ formation below +400 + 600 to +500 
2+ 
4. Fez formation below +400 + 500 to +300 
5. Sulfide formation below -150 0 to -190 
6. Methane formation below -150 -150 to -190 
* Refer to Keeney (46) 
** Refer to Aomine (9) 
20 
assigning a precise potential to these reactions. The observed potential will vary 
with method and conditions of measurement, and with the exact redox couple 
being utilized during the transformation. Even though there is overlap between 
the events, the sequential disappearance of oxygen, disappearance of nitrate, 
increase in soluble manganese and iron, and finally the production of methane 
has been observed (9, 51). 
A recent series of reports by Meek et al. (39, 63,64, 65) has shown this 
sequence of steps to occur at the saturated-unsaturated interface under irrigated 
California soils. These workers demonstrated the sequential disappearance of 
nitrate, increase in soluble manganese and increase in soluble iron as the redox 
potential falls in the unsaturated zone. Manitoba workers (73) have similarly 
observed the effect of flooding on the redox potential and the solubilities of 
iron and manganese in soils. 
Patrick (79) did laboratory studies in which the redox potential of the soil 
was fixed at various levels, and changes in nitrate concentration were observed. 
He concluded that the nitrate reduction rates in a submerged soil were dependent 
on the redox potential of the soil. Decreases in the redox potential resulted in 
increases in nitrate reduction. 
Bell (13) has studied how this relationship is affected by the addition of 
various organic materials. He has shown that the addition of carbonaceous 
material produced a markedly increased drop in redox potential when a soil is 
flooded. The time elapsing before this drop occurred depended on the avail¬ 
ability of the substrate decreasing in the order of cellulose, peptone, and glucose. 
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If nitrate was added with the substrate, the drop in redox potential was delayed. 
Similar results were demonstrated by Yamane and Sato (111,112). These invest¬ 
igators also showed that this drop in redox potential was not evident when KCN 
was added to the soil. Both of these studies demonstrate that when a soil is 
flooded, different characteristic patterns of gas evolution are realized, depending 
on the substrate added. Carbon dioxide and hydrogen gas are identified as early 
products in the anaerobic assimilation of carbohydrates, but after a lag period 
methane becomes the dominant gas produced. Nitrogenous gases were not 
measured in these experiments. Consistent with the ability of readily available 
carbonaceous material to promote earlier and more dramatic drops in redox potential, 
methane gas production was enhanced by the addition of these materials. 
This rapid drop in redox potential and related methane production has been 
noted under conditions of heavy manuring. Elliot et al. (35) found significant 
amounts of methane in the soil atmosphere under a feedlot. They reasoned that 
nitrate should not be stable at redox conditions low enough for methane to form, 
so where methane is present, nitrate should not be available for leaching. Stuart 
et al. (98) also found reducing conditions under feedlots. They reported nitrate 
concentrations under feedlots to be extremely variable, but when redox potential 
was low, no nitrates were present. 
This ability of the carbonaceous materials in manure to cause a drop in the 
redox potential of soil presents another change which cannot be evaluated 
adequately from earlier studies. Loehr (54) has pointed out that the oxygen 
demand of animal wastes is high enough to denitrify the nitrogen present when 
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an engineered disposal system is used. Few studies, however, provide information 
which allows estimates of the effect of oxygen demand upon nitrogen transforma¬ 
tions in soil, when both organic carbon and nitrogen are applied repeatedly at 
unprecidented rates. 
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EXPERIMENT I 
FIELD STUDIES 
Materials and Methods 
Field plots were studied to determine the effects of heavy applications of 
cow manure on soil nitrogen transformations and movement. This was accom¬ 
plished by monitoring various forms of nitrogen present and other related factors 
by periodic sampling of manured soils at different depths. 
Plots measuring 40 X 50 ft. were established in 1970 on a moderately well- 
drained Ninigrit fine sandy loam disturbed in some areas apparently with fill. 
Data is presented for three plots which represent an unmanured soil (U plot), 
a soil receiving a medium rate of application of manure (M plot), and a soil 
receiving a heavy rate of application of manure (H plot). Manure treatments 
have been applied annually to those plots, as shown in Table 2. 
Dairy manure from a closed storage area, which is cleaned on a weekly 
basis, was spread on the plots in early spring. Analysis of several samples of 
this manure revealed an average dry matter content of 18-19% and a total 
nitrogen content of 0.5%. 
The plots were annually planted to corn, and other than the manure treat¬ 
ments were managed in accordance with normal practices for corn production. 
Data for corn yields and certain soil tests for the first two years were reported 
earlier (107). 
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TABLE 2 
TREATMENT OF MANURE PLOTS FOR THE YEARS 1970, 1971, AND 1972 
Plot Year 
Manure Appl ied T/A* 
Nitrogen in 
Wet Wt. Dry Wt. Manure Ib/A 
Medium 1970 42 8 400 
Manure 
Treatment 1971 42 8 400 
(M soil) 
1972 (17 Jan) 42 8 400 
(17 Feb) 42 8 400 
Cumulative Total 168 32 1600 
Heavy 1970 192 36 1840 
Manure 
Treatment 1971 192 36 1840 
(H soil) 
1972 (17 Jan) 42 8 400 
(17 Feb) 42 8 400 
— 
(10 Mar) 84 16 800 
Cumulative Total 552 104 5280 
* Rates of application are approximate. 
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Each plot was sampled at four depths, 0-6 in., 6-18 in., 18-30 in., and 
30-42 in., designated the A, B, C, and D layers, respectively. Samples were 
taken with a 2-in. auger. A composite sample of 8-10 borings of each layer of 
each plot was mixed thoroughly and used for laboratory analysis. Samples were 
taken at intervals of 6 to 8 weeks except during the early spring when more fre¬ 
quent sampling was conducted. Whenever possible, samples were taken 24-48hr 
after a significant rainfall. 
Within one hour after sampling a 25g portion of the composite sample was 
placed in 250ml of 2 N KCI and shaken on a mechanical shaker for one hour. 
Another portion was placed in drying chambers at 37°C and dried for storage. 
If the soil was adequately saturated, portions were placed in a Buchner funnel 
and samples of the soil water were extracted with an aspirator. 
Ammonium and nitrate-nitrogen content were determined by the steam dis¬ 
tillation method proposed by Bremner (21). A 50ml sample of the 2N KCI 
extract was treated first with MgO and then with Devarda's alloy for the 
ammonium and nitrate analysis, respectively. Analysis was performed as de¬ 
scribed by Bremner except primary standard 0.025N KH(I03)2 was used to 
titrate the boric acid indicator solution. 
Nitrite analysis was performed in accordance with the modified Griess- 
llosvay method described by Bremner (21). 
Total nitrogen analysis was performed on samples of the dried soils using a 
semi-micro Kjeldahl apparatus and the salicylic acid modification to include 
nitrate described by Bremner (20). 
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Organic carbon was determined by using the Walkley-Black method as 
described by Allison (6). This method was also modified to determine the 
amount of organic carbon in the soil water. Samples of the soil water were 
evaporated to dryness and the residue tested by the same procedure as the soil. 
Manganese in the soil water was read directly on a Perkin-Elmer model 214 
atomic absorption spectrophotometer. 
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EXPERIMENT I 
RESULTS 
The field sampling and sample handling procedures utilized in this experiment 
were primarily intended to monitor inorganic nitrogen transformations and move¬ 
ment in the soil. These procedures allowed rapid sampling and very little loss of 
time between sampling and analysis. It was hoped that synchronizing the sampling 
time with some meteorological event would provide a more reliable analysis of 
nitrogen transformations by decreasing fluctuations caused by short-term weather 
conditions. Sampling after a rain was adopted primarily because losses of nitrogen 
either by leaching or denitrification would be most significant at this time. This 
proved to be a fortunate decision because an abnormal amount of rainfall occurred 
during the test period and sampling after an extended dry period would have been 
difficult. 
Several factors concerning the management of the manure plots should be 
noted. As reported in Table 2 the 1972 treatment of the M plot was increased 
from 40 to 80 tons per acre while the treatment of the H plot was decreased from 
192 to 168 tons of manure per acre. During May 1972 it was unfortunately 
necessary that the area designated as the unmanured plot be relocated to another 
area which was also adjacent to the manured plots. While it was expected that 
the soils in these areas were comparable, significant differences were detected in 
carbon and total nitrogen content, as well as other related factors. The occur- 
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rence of these differences in the soil is further complicated by a lack of analysis 
which could describe each plot before any manure treatment was applied. These 
factors plus a lack of replication of treatments seriously interferes with quanti¬ 
tative interpretation of data from these plots. It is apparent, however, that 
because of the magnitude of the differences among the treatments and the cor¬ 
responding results, several significant observations can be made about the effects 
of heavy applications of manure on soil and soil nitrogen transformations. 
While the sampling and testing procedures were primarily designed to monitor 
inorganic nitrogen transformations, total nitrogen, organic carbon and moisture 
content were also determined in order to aid in evaluating the nitrogen transfor¬ 
mations which occurred. The results of these tests show that the addition of manure, 
especially in large amounts, caused significant changes in the soil which would be 
expected to influence soil nitrogen transformations. These changes will be dis¬ 
cussed individually in the following sections. 
Water Content 
Water content was determined on each composite soil sample brought into 
the laboratory. It was hoped that data showing the distribution of water in the 
profile (Table 3) coupled with rainfall data (Figure 1) would help in evaluating 
the production, movement, and fate of inorganic nitrogen in these soils. 
Examination of Table 3 reveals that the distribution of water in the profiles 
of the three plots was similar on any given sampling date. Differences between 
sampling dates were largely due to different weather patterns prior to sampling. 
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For example, the April 24 sample was taken in a completely waterlogged soil 
with a temporary water table only 2-3 in. below the soil surface. Examination 
of Figure 1 reveals that approximately 2.9 in. of rainfall occurred during the 10 
days preceding April 24, with .73 in. of that rainfall on April 23. In contrast, 
the October 3 sampling shows that the soil was unsaturated; especially at lower 
depths which can be attributed to less rainfall during the period preceding the 
sampling date. Because sampling was usually conducted soon after a significant 
rainfall, a temporary water table was often within the depth sample; however, 
this rapidly dropped below the sampling depth. 
The average water content of the top 6 in. of soil over all dates sampled 
(Table 3) increased from 36.4% to 44.8% and 50.8% in the U, M, and H plots, 
respectively. While differences were also apparent at the lower depths sampled, 
these differences rapidly decreased with depth. 
These substantial differences in water retention reflect an increase in the 
water holding capacity of the soil as a result of manuring. The water holding 
capacities for samples of these soils are reported in Table 13. 
Organic Carbon 
The fact that the heavy applications of manure had increased the organic 
matter content in the manured plots was apparent even by observation of the 
plots. The heavily manured plot was darker in color and had a much more 
spongy feeling when walked on. Analysis of soil samples for organic carbon 
confirmed this by showing that the average carbon content of the top 6 in. of 
soil increased from 2.0% to 3.7% and 4.4% in the U, M, and H plots, respective¬ 
ly, (Table 4). 
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TABLE 4 
DISTRIBUTION OF OXIDIZABLE CARBON IN MANURE PLOT SOILS 
AT 7 DIFFERENT SAMPLINGS (PERCENT) 
Soil Depth Avg. 
— 1971 — 
Oct Dec 
15 2 
Jan 
21 
Mar 
29 
1972 
Apr 
24 
June 
5 
July 
14 
U A 2.0 1.8 - 1.5 1.7 1.8 2.6 2.6 
B 1.0 .7 - .6 .8 1.0 1.3 1.4 
C .3 .3 — .2 .2 .5 .5 .3 
D .3 .3 - .2 .2 .4 .3 .2 
M A 3.7 3.3 3.9 3.4 3.5 3.8 4.1 3.8 
B 1.9 1.4 3.0 2.0 1.5 1.8 1.9 1.4 
C .6 .6 .2 .7 .5 1.0 .5 .4 
D .3 .3 .3 .2 .2 .5 .6 .1 
H A 4.4 3.8 4.1 4.0 4.8 4.1 5.4 4.9 
B 1.7 1.4 1.4 1.4 2.1 1.3 2.6 1.2 
C .3 .2 .3 .2 .2 .5 .6 .1 
D .3 .2 .3 .2 .2 .5 .6 .1 
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The recent applications of manure caused great difficulty in obtaining 
accurate and repeatable organic carbon analysis. Large fragments of feed 
waste and stable litter which had undergone little or no decomposition were 
largely responsible for this. Any material which could not be reasonably worked 
through a 2mm sieve was excluded from analysis on the grounds that it was not 
yet an active part of the soil system. That portion which would pass through 
the sieve was quite variable and presented a large error factor. Even though 
this material was not included in the analysis, it should be noted that it will be 
decomposing and therefore represents a continual source of carbon into the soil 
system. 
Samples taken from the heavily manured plot during the early spring, after 
the manure was applied but before it was plowed in, had a very strong and dis¬ 
tinctive aroma of fresh cow manure. The fact that this was noticeable even at 
the 42-in. depth suggested that some portion of the manure was moving through 
the soil profile. In an attempt to determine the amount of carbon moving through 
the profile, samples of the soil were analyzed at all depths (Table 4). These tests 
showed much variation and generally were not sensitive enough to provide the 
information needed. Between the April and June samplings there was an increase 
in carbon content in the H plot which was presumably due to the new manure 
being plowed in. The U plot also shows an increase at this time which could be 
attributed to the relocation of the plot mentioned earlier. Carbon content in 
the C and D layers increased during this period in all soils. Because the U plot 
increased even before if was moved, and because the increases were not affected 
by manure treatment, no significant conclusion can be drawn from this increase. 
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In another attempt to measure the carbon which was moving downward, 
samples of the soil solution were evaporated to dryness and the residue tested 
for organic carbon. Results of these tests (Table 5) indicated that the soil water 
under the manured plots carried significantly more reduced material than the 
water under the unmanured plot. Data is reported in meq of reductant per 100ml 
of soil water because this allows comparison of the reduced material present with¬ 
out making the assumptions necessary to convert this to carbon. While these re¬ 
sults indicate that reduced material is moving downward, it is assumed that these 
figures represent an underestimate of the differences between the soils. The 
samples from the heavily manured plot seemed to require a much higher temp¬ 
erature to evaporate to dryness, probably because of increased concentrations 
of solutes. Even with careful control of heat and immediate removal of the heat 
at dryness, these samples displayed considerable charring. It was assumed that 
this represented oxidation of the most available organic carbon, which would 
therefore not be measured in the analysis. Because of the difference in temp¬ 
erature necessary to evaporate the samples, it could not be assumed that pro¬ 
portional amounts were lost from all the samples representing the plots. Un¬ 
fortunately, circumstances did not permit that a more reliable analysis be 
performed. 
The availability of large amounts of oxidizable carbon in the soil, especially 
if this material can at times move into the subsoil, makes the heavily manured 
soil very different from the unmanured soil. If fresh carbonaceous material is 
often available in the subsoil, it would be reasonable to expect that increased 
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TABLE 5 
OXIDIZABLE CARBON IN SOIL WATER OF MANURE PLOTS (me q/100 ml water) 
Soil Depth 
1972 
Apr 
24 
May 
8 
June 
5 
July 
14 
U C .1 .2 
D .1 .2 .2 .1 
M C .1 .3 
D .1 .5 2.3 .1 
H C 1.0 .5 
D 1.1 1.0 1.0 .6 
TABLE 6 
MANGANESE IN THE SOIL WATER OF MANURE PLOTS (ppm in water) 
Soil Depth 
1972 
• 
Apr 
24 
May May June 
1 8 5 
July 
15 
Nov 
30 
U C .1 .4 .2 
D .2 .4 .3 .6 .3 
M C .2 .6 .6 
D .2 .5 .4 .7 1.0 .7 
H C 1.4 3.6 6.1 
D 1.6 
0
0
 • 
C
O
 • 
C
N
 • 3.9 5.4 
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numbers of microorganisms would soon build up at depths below the zone 
normally considered microbially active. 
If microbial activity was extended deeper into the profile, the combined 
effects of the presence of available carbon and limited oxygen supply would 
rapidly produce reducing conditions, especially when the soil was saturated. 
In an attempt to compare the redox status of these soils during the period 
following a rainfall, samples of the soil solution were tested for manganese 
content. A full development of the relationship between manganese concen¬ 
tration in the soil solution and redox status will be reserved for Experiment II. 
In general, it is assumed that an increase in manganese in solution represents 
a decrease in redox potential. Results of the manganese analysis for the C and 
D depths (Table 6) indicated that manganese concentrations increased signifi¬ 
cantly with increased rate of application of manure. The most significant in¬ 
creases were detected between the M and H plots, even though differences were 
apparent between the U and M plots. It is interesting to note that differences 
were greatest in the November 30 sampling which was 7 or 8 months after the 
manure had been applied. These data suggest that one effect of heavy manuring 
is to create reducing conditions below the soil surfaces. Because this effect seems 
to increase most sharply at the heaviest rate of application, these heavy rates of 
application may result in a much lower redox potential at these depths than in 
unmanured or even lightly manured soils. 
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Total Nitrogen 
Analysis for total nitrogen revealed that the nitrogen content of the soil 
had increased with increased rate of manure application. Although the total 
nitrogen analysis was subject to the same limitations as the carbon analysis, 
differences were apparent. Table 7 shows that the average total nitrogen 
content in the top 6 in. of soil increased from .16% to .24% and .28% in 
the U, M, and H plots, respectively. 
The test data for the samples of October 15 revealed that the top 6 in. 
of soil in the U plot contained 2800 Ib/A N, while the M plot contained 
4500 Ib/A N. The increase of 1700 Ib/A is difficult to explain when it is 
realized that only 800 Ibs/A nitrogen had been applied to this plot with manure. 
This casts serious doubts on the validity of these plots with respect to total ni¬ 
trogen content, especially without preliminary data on the soils before manure 
was applied. The observation could also be made that the rate of increase in 
nitrogen content of the soil decreased with increased rate of application. That 
is, the increase in the rate of application of the H plot over the M plot was 
4-1/2 times greater than that of the M plot over the U plot, while the increase 
in nitrogen content was only half as great. 
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TABLE 7 
TOTAL NITROGEN IN TOP 6" OF SOIL OF MANURE PLOTS 
Soil Avg. 
_ 1971 - 
Oct 
15 
19 
Apr 
24 
72 
July 
14 
0/ 
/o 
u .16 .14 .15 .18 
M .24 .23 .25 .24 
H .28 .26 .28 .31 
_ il/a v inn ! D/ M A 1UU 
U 31 28 29 35 
M 48 45 50 48 
H 57 52 56 63 
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Ammonium Nitrogen 
Ammonium nitrogen is generally considered to be the first inorganic form 
of nitrogen to be produced as the organic nitrogen in manure undergoes de¬ 
composition. It was hoped that monitoring the levels of ammonium in the soil 
would provide information concerning the effects of heavy applications of 
manure on the rate and extent of the decomposition process of manure in soil. 
Figure 2 graphically illustrates the effect of manure on ammonium content 
in the top 42 in. of soil over a 1-year period. From this graph several factors 
are evident. It is apparent that all 3 of the soils showed a peak ammonium con¬ 
centration in early spring the magnitude of which was profoundly increased with 
increased rate of manure application. Maximum ammonium content was 48, 520, 
and 1294 Ib/A NH^ -N in the U, M, and H plots, respectively. It should be 
noted that in spite of the increased frequency of sampling during the peak period, 
the sharpness of the peaks in the manured soils reveal that considerable error due 
to chance can be expected in evaluating ammonium content. Although this graph 
clearly illustrates the differences among the plots, it does imply that peak con¬ 
centrations W'ere measured, and it also implies the shape of the peak which was 
not accurately available from the data provided by this sampling frequency. For 
this reason, these data are more accurate when presented in tabular form (Table 8), 
although it is less descriptive. 
The peak measured ammonium content for each plot compared very favorably 
with the amount of nitrogen applied in the annual treatment of manure. That is, 
48, 520, and 1294 Ib/A NH^-N compared favorably with 0, 800, and 1600 Ib/A 
N added with the manure. This suggests that a surprisingly large portion of the 
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FIGURE 2 
GES IN THE NH + -N CONTENT IN THE TOP 42" OF MANURE PLOT SOIL 
1972 1971 
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nitrogen in manure is converted to ammonium within a short time. It is also 
surprising that peak ammonium concentrations appeared before the manure was 
plowed into the soil during the first week of May. The M plot seemed to peak 
earlier than the H plot which is consistent with the earlier completion of the 
manure treatment. Studying the distribution of ammonium in the soil profile 
(Table 9) reveals that the ammonium had not only moved into the soil, but that 
it had at times moved into the lower depths sampled, especially in the manured 
plots. Because of its positive charge, ammonium would not normally be expected 
to move in the soil. The fact that ammonium appeared at these depths suggested 
that nitrogen either moved through the profile in some other form and was then 
converted to ammonium, or that the large concentration permitted the downward 
movement. 
Analysis of Tables 8 and 9 reveals that during October, November, and 
December the differences among the manure plots in ammonium content were 
much smaller but still significant. The fall samplings of 1971 and 1972 show 
generally comparable ammonium contents within each plot. 
These data do not allow distinction between nitrogen which is freshly applied 
and nitrogen previously in the soil which was made available by the winter's 
freezing and thawing, followed by a flush of microbial activity in the spring. 
Whatever the source, it appears that when manure is applied in the early spring 
large amounts of ammonium become available very shortly after application. It 
could be noted that if the same amount of manure was applied every year, the 
amount which becomes available in a year would soon equal the amount applied. 
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because the fractions made available from previous years would soon balance 
the fraction not available the first year. 
The ammonium in the soil can generally be expected to undergo any one of 
several possible transformations including immobilization back into organic forms, 
nitrification to nitrite and nitrate, or perhaps volatilization as ammonia, nitrogen 
gas or nitrogen oxides. Although substantial amounts of ammonium were transformed, 
it was distributed through the top 42 in. of soil and, therefore, the relative accuracy 
of the sampling and analysis procedure for total nitrogen content did not allow de¬ 
termination of the amount of nitrogen immobilized. The evolution of nitrogenous 
gases was not measured in the field but will be discussed in Experiment II. The 
possibility that it was nitrified into nitrite and nitrate is considered in the next 
section. 
Nitrite 
During the nitrification process ammonium would first be converted to nitrite. 
This process is performed by organisms which obtain energy by oxidizing NH4-N 
to NO^"-N in an aerobic environment. Nitrite is not stable in an acid soil and 
would not be expected to accumulate in these soils. Analysis of the samples re¬ 
vealed that even considering this fact surprisingly small concentrations of nitrite 
were present. The results (Table 10) showed that even with the very high con¬ 
centrations of inorganic nitrogen in the profile during the period March through 
June, concentrations of nitrite were never found to reach 1 ppm NO2 -N. How¬ 
ever, the amount present did increase with increasing rate of manure application. 
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TABLE 10 
DISTRIBUTION OF NO2 -N IN THE MANURE PLOT SOILS (PPMDRYSOIL) 
Soil Depth 
Mar 
29 
Apr 
24 
May 
1 
May 
8 
June 
5 
U A 0 .1 .1 0 
B 0 0 0 .1 0 
C 0 .2 .1 .1 0 
D 0 .4 .1 .2 0 
M A .1 1 .4 .1 .1 
B .1 .1 .2 .1 .2 
C .3 .1 .2 .1 .1 
D .2 .1 1 .2 .1 .1 
H A .1 .2 .3 .1 .3 
B .1 .3 .4 .4 .3 
C .4 .6 .2 .4 .1 
D .3 .5 .3 .6 .2 
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While these are insignificant amounts in comparison to the ammonium and nitrate 
present, they could represent the amount of reaction intermediate trapped at the 
time the test was performed. This increase in flux would indicate that the nitrifi¬ 
cation reaction is proceeding much faster in the M and H soils, which agrees with 
the differences in rates of disappearance of ammonium among the plots. 
Nitrate 
The final product in the mineralization process is nitrate. Nitrite is oxidized 
to nitrate by a group of organisms which can obtain energy from the oxidation 
process in an aerobic environment. When studying the nitrate data in this exper¬ 
iment it is important to remember that rapid fluctuations in soil nitrate content 
occur due to the weather. During a dry period, for example, nitrate would be 
expected to be formed by nitrification process and accumulate in the top layers. 
Rainfall could then carry it downward into the profile. Therefore, the amount of 
nitrate present at any depth in the soil would be greatly affected by the recent 
weather patterns. The sampling conducted during this study was not intended to 
evaluate these fluctuations but to evaluate the plots under as similar conditions as 
possible at each sampling. For this reason the data is not graphed and it should 
not be assumed that nitrate content and distribution at the time of sampling re¬ 
flects the whole period between sampling. Interpretation of what is occurring in 
the soil with respect to nitrate must include not only the amount and distribution 
of nitrate in the profile, but also the recent history of rainfall. Sampling after a 
rainfall was adopted because this period would best monitor the movement and loss 
of nitrate. 
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As would be expected, the average nitrate content of the soil (Table 11) 
increased with increased rates of manuring. This, however, was not true for 
all sampling dates. The 3 samples taken in April and May actually show less 
nitrate in the heavily manured plot than in the unmanured plot. The 5 successive 
samples taken April 24 to July 14 showed that the M plot had more nitrate than 
the H plot. This is quite striking because these samples also represent the periods 
when the greatest amounts of ammonium disappeared from the soil profiles. The 
increase and subsequent decrease in ammonium concentration was clearly pro¬ 
portional to the nitrogen added in manure. However, during the period when 
the maximum decreases in ammonium content were evident, nitrate contents de¬ 
creased with increasing rates of nitrogen applied. This created a deficit of nitro¬ 
gen which clearly became greater with increased rate of manuring. 
At a time when so much v/ater was present in the soil the easiest explanation 
of this deficit was that the nitrate was formed and then leached below the depth 
sampled. Studying the distribution of nitrate in the profile (Table 12), however, 
shows this as an unlikely possibility. During the April and May samplings when 
ammonium disappearance was most significant, the greatest portion of the nitrate 
was located in the lower profile of the unmanured soil, while it was generally in 
the top layer of the manured soils. In that all plots received the same rainfall, 
leaching should have been equal from all plots. During this period, it appeared 
that more nitrate would leach from the unmanured plot than from the heavily 
manured plot, in spite of the tremendous differences in ammonium present. The 
absence of nitrate at the lower depths suggest that losses due to leaching may not 
be the major fate ofnitrate in the heavily manured soil during this period. 
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While the April-June period appears to be the most significant in terms of 
ammonium disappearance, it must be remembered that this represents only part 
of the year. Samplings taken outside this period reveal that nitrate content in¬ 
creases with manure treatment. Samples taken in October, November, and 
December showed that nitrate concentrations increased with increased rate of 
manure application. During this period, even where the differences among the 
plots were greatest, the increase in nitrate content of the soil per ton of manure 
applied was much greater between the U and M plots than between the M and 
H plots. This suggests that nitrate content of soils is not a linear function of 
the amount of manure applied even during this period, and provides further 
evidence that nitrate may not be formed or lost from the heavily manured soils 
by the same mechanisms as in the unmanured soils. 
While the data in Table 11 suggests that the relation between manure applied 
and nitrate content could be calculated, it also illustrates some of the fallacies 
of assigning an exact value to this relationship. The nitrate content of the two 
October samplings in the unmanured soil are very different, presumably due to 
» 
different weather conditions. It is also not known how these figures would appear 
if sampling had been conducted to measure maximum nitrate accumulation in the 
soil. The most prolonged dry period of the year occurred prior to the October 3 
sampling which revealed nitrate generally in the top layers. By November 30, 
after extensive rain, the nitrate content had increased in amount and also moved 
downward in the profile. During this period it appears that significant amounts of 
nitrate could have been leached into the lower profile of all 3 soils. 
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Comparison of data between these two general periods representing very 
different conditions illustrates the hazards of making general conclusions about 
the fate of nitrate in the soil. The data suggest that the fate of nitrogen may 
have been different among the different plots and also that it varied within the 
same plot with the time of year. While this study clearly shows that ammonium 
is not quantitatively mineralized to nitrate, especially in the manured plots, it 
can only provide suggestions as to where the remainder of ammonium goes. Three 
different explanations, immobilization, leaching, and denitrification, cannot be 
accurately measured under field conditions. Because Experiment II was specifically 
designed to evaluate some of these processes, further discussion as to the possible 
significance of each will be reserved for discussion with that section. 
While the discussion of this section is not complete, there are still several 
important observations from the field plot study that are significant in themselves. 
Because these observations provided the basis for several assumptions in the design 
of Experiment II, these observations are summarized below. 
Summary of Observations 
1. The heavy application of manure has markedly changed the soil. Increased 
carbon and nitrogen content and increased water holding capacity all could affect 
soil nitrogen transformations. 
2. Significant amounts of nitrogen and carbon moved through the top 42 in. 
of soil even before the manure was plowed in. 
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3. When manure was applied in early spring, a rapid increase and subsequent 
fall in soil ammonium content occurred. The magnitude of this increased with 
increased rate of manuring. 
4. Sharp decreases in ammonium content were not equaled by increases in 
nitrite or nitrate content. This made a deficit of mineral nitrogen which increased 
with increased rate of manure application. 
5. Nitrate content of the soil did not always increase with increased rate of 
manure application. During periods where the greatest disappearance of ammon¬ 
ium occurred, there was at times less nitrate present in the heavily manured soil 
than the unmanured soil. During periods when nitrate content did increase with 
increased manuring, the increase appeared to be less than a linear function of the 
amount of nitrogen applied. 
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EXPERIMENT II 
LABORATORY INCUBATION STUDIES 
Materials and Methods 
The objective of this experiment was to determine the denitrifying capacity 
of a soil, and how this capacity was affected by the addition of manure, the 
addition of nitrate, and by the soil's prior history of manuring. Denitrifying 
capacity was evaluated by three major methods: (1) the disappearance of 
nitrate, (2) the production of nitrogenous gases, and (3) the ability of the soil 
to generate anaerobic conditions favorable for denitrification. 
Because of the complexity of the soil-manure system and the resulting com¬ 
binations of possible mechanisms, no mechanistic study was attempted. The term 
"denitrification" will be used in its broadest sense to include any reaction by 
which nitrogen gas or gaseous nitrogen oxides are lost from the soil. 
The approach to the study was to bring soil samples into the laboratory and 
incubate them under controlled conditions where denitrification capacity could 
reasonably be evaluated. The conditions provided were intended to simulate the 
actual field conditions under which the most significant denitrification could be 
expected; the period immediately following a heavy rainfall. 
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Soils Used 
Samples of the topsoil and subsoil were taken during August 1972 from the 
University manure plots described earlier. These samples were air-dried, passed 
through a 2mm sieve, and then stored in covered galvanized cans until used. 
Some chemical and physical properties of each of these soils are shown in Table 13. 
Manure Used 
To evaluate the effect of manure, manure was added to the incubation soils 
at rates equivalent to 0, 20, and 200 T/A. This was intended to simulate an 
unmanured soil, a soil with a traditional application of manure, and a soil with 
the maximum amount of manure which can be applied at one time and still work 
the land with conventional farm machinery. Three different samples of manure 
containing representative amounts of litter and feed wastes were taken from the 
University dairy barn and immediately dried in thin layers at 90°F. To provide 
uniformity, the manure was then pcssed through a Wi ley-mi 11 with a 2 mm screen. 
The dry manure was then mixed and stored in a sealed plastic bag until used. 
Total nitrogen content of this sample was 2.2% dry weight. 
Lysimeter Description 
A gas lysimeter was assembled as shown in Figure 3. The sample chamber was 
made of a 4.8 cm diameter glass column approximately 60 cm long. The bottom 
of the column was fitted with a rubber stopper which had a built-in stopcock 
arrangement. This was composed of a 3/8-in. copper tube which was drilled 
with a 1/16-in. hole, positioned such that it could be centered on the end of a 
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FIGURE 3 
DIAGRAM OF THE GAS LYSIMETER 
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capillary tube which led info the main chamber. When the hole in the copper 
tube was centered on the capillary tube, water or air could be passed in or out 
of the system. Turning the copper tube so that the hole faced the rubber closed 
i 
the system. The stopper was then cut with a circular hole saw to produce a 
groove around the outside. This allowed the stopper to fit deeper into the column 
and also provided a lip of rubber which fit over the outside edge of the glass column. 
The top of the lysimeter was made from another rubber stopper cut with a similar 
groove and drilled with three holes. One hole was fitted with a capillary tube 
which dropped into a vial of mercury. This served both as an inlet port for gases 
during the filling process and as a gauge to monitor internal pressure during the 
incubation. A second hole was drilled to accept seals through which samples of 
the gases in the system could be removed with a hypodermic needle. This was 
drilled to give a 1/2-in. hole halfway through the stopper and a 1/4-in. hole 
the remainder of the way. A silicone rubber septum^ designed to fit on 1 ml 
hypo-vials was cemented in such a way that if seated against the bottom of the 
large hole, and fitted down info the smaller hole. A double layer teflon-rubber 
laminate disc^ was then cemented into the large hole just over the silicone septum. 
The excellent resealing properties of these septa allowed for repeated sampling 
without leakage of gases from the system. The third hole was fitted with a .75 cm 
glass tube which led to the oxygen generator. The oxygen generator was made up 
of a 1 liter florence flask to which 100ml of water and 15g of Ba02 had been 
^ / 2 Obtained from Pierce Chemical Company, Rockford, Illinois. 
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added. Cornfield (31) reported that a suspension of Ba02 in water absorbs 
carbon dioxide and as it does gives off an equimolar amount of oxygen. He 
proposed this as a method which would determine the amount of carbon dioxide 
evolved during the incubation of a soil, while at the same time maintain a 
relatively constant supply of oxygen over the soil. 
Suspended from the top of the lysimeter there was also a vial of boric acid 
solution to trap ammonia. 
Plywood racks were built to hold 12 complete lysimeter units as shown in 
Figure 4. 
Lysimeter Operation 
Whereas one of the objectives of this experiment was to monitor the production 
of nitrogen gas, the omnipresence of this gas in the atmosphere compelled that 
definite precautions be taken to assure the removal and continual exclusion of 
atmospheric nitrogen from the lysimeter. To achieve this, a definite sequence 
of steps was adopted to set up the lysimeter. 
After inserting the bottom of the lysimeter and a layer of glass wool, 600 g 
of dry subsoil and 400g of dry topsoil were placed in the column and positioned 
so as to simulate the top 50cm of soil. With 400g of topsoil in this diameter 
column, it was calculated that the column represented approximately 0.447 X 
10“6 acre either by area of the soil surface, or by this weight of topsoil based 
on a 2 million pound acre. If manure was added as a treatment, a 1.5 or 15 g 
sample of dried ground manure was mixed with the topsoil before placing it in 
the column to represent a 20 or 200 T/A treatment of manure. 
59 
FIGURE 4 
LYSIMETERS IN OPERATION 
Top picture shows the lysimeters while water is being placed in the column. 
Bottom picture shows the lysimeters during the incubation. 
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The top of the lysimeter, complete with oxygen generator, was inserted and 
the atmosphere was then evacuated through the bottom by means of a vacuum 
pump. This evacuation was continued for a period of 15min to allow a maximum 
amount of the atmosphere to be removed. The system was then recharged with 
helium through the capillary tube port in the top. An internal pressure of 86 cm 
Hg helium was allowed to equilibrate throughout the system for 15 min, after which 
the system was again evacuated through the bottom. This flushing process was re¬ 
peated five times to assure that any nitrogen gas remaining in the system was 
negligible. 
After the sixth evacuation helium was not immediately added, but water was 
applied to the system. This was accomplished by placing the required amount of 
water in a sidearm flask (Figure 6) which was sealed with a stopper through which 
a tube extended beneath the surface of the water to the bottom of the flask. The 
outside end of this tube was then attached to the stopcock at the bottom of the 
lysimeter. The flask was then evacuated through the sidearm and the water was 
permitted to boil vigorously for a few seconds to remove dissolved gases. The 
flask was then recharged with helium and evacuated a second time. This time 
a pressure of 18-30 cm Hg of helium was placed into the flask and the bottom 
stopcock of the lysimeter was opened, permitting the water to flow up into the 
evacuated soil column. The pressure of helium placed in the flask was the 
exact amount determined necessary to push all the water into the column in 
not less than 45 min or more than 1-1/2 hr. This pressure was extremely critical 
and varied with each of the three soils used. If the flow was too fast, the soil 
column would split and have to be discarded. If the flow was too slow, the gas 
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FIGURE 5 
HELIUM BATH ASSEMBLY ON NEEDLE 
Rubber stopper 
FIGURE 6 
APPARATUS FOR PLACING WATER IN THE LYSIMETER 
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sampling schedule would be affected. The amount of water placed in the flask 
was the amount determined necessary by preliminary equilibrium studies to produce 
a saturated water level 30cm from the surface. The required amount was 395, 470, 
and 490ml for the U, M, and H soils, respectively. When a 200 ton treatment of 
manure was added to the column, and additional 20ml of water was required. If 
nitrate was called for as a treatment, KNO3 was added to the water before it was 
added to the column. At the exact time the last of the water was pushed into the 
column, the stopcock on the bottom of the lysimeter was closed. The system was 
then immediately charged with helium and oxygen from the top. Oxygen was 
added in a sufficient quantity to give a PO2 of 0.2atm., and helium was added 
in a sufficient quantity to give a total internal pressure of 36 cm Hg. The capillary 
tube inlet port was then dropped into the vial of mercury, and the filling tubes were 
removed from the top and bottom of the lysimeter. 
During the incubation the internal pressure of the system could be monitored by 
the mercury pressure gauge. The positive internal pressure assured that no outside 
air could leak in, and if this pressure was maintained it could be assumed that no 
massive leaks out of the system had developed. 
Three hours after the water was first introduced into the column, the first gas 
sample was taken and analyzed to assure that no leaks had occurred during the 
filling process. Samples of the atmosphere above the soil were then taken and 
analyzed daily for the first three days, then every other day for the remainder 
of the incubation period. During the incubation period the oxygen generator was 
shaken twice daily to break up the "scum11 which formed on the surface of the water, 
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and also to coat the entire inside surface of the flash with Ba02. As reported 
by Douglas and Bremner (33) the Ba02 could not always be counted on to main¬ 
tain constant levels of oxygen. When the gas analysis revealed that the P02 
was below .15atm., more oxygen was added through the septa with a hypodermic 
needle. 
During the incubation the columns were maintained at room temperature 
which was controlled at 21 °C + 3°. 
At the completion of the incubation the top of the lysimeter was removed 
and a sample of the soil solution was extracted. This was accomplished by 
attaching a sidearm flask to the bottom stopcock and drawing the sample from 
the column with vacuum. 
Gas Sampling and Analysis 
Sample of the atmosphere above the soil were taken through the septa by 
means of a 1 ml Pressure-lok series A gas syringe equipped with a 2-1/4-in. 
tapered needle. As each sample was taken, several seconds were allowed for 
the pressure in the syringe to equilibrate with the pressure of the lysimeter before 
the sample was locked in the syringe. This needle was continually bathed in 
helium to assure that atmospheric nitrogen did not enter the needle while the 
syringe was transported to the gas chromatograph. This was accomplished 
(Figure 5) by inserting the needle through the wall of a latex rubber tube which 
was fitted with a tapered glass tube mounted in a portion of a stopper. While 
the needle was withdrawn inside the tube, it was continuously bathed in helium. 
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To withdraw a sample from the column or release it from the syringe, the stopper 
was placed against the appropriate septum and the needle pushed through the 
glass restriction and septum. 
Gas analysis was performed using gas chromatography, based on the method 
proposed by Obermiller and Charlier (71, 72). Using information supplied else¬ 
where (43) concerning the properties of gases and microporous polymers, the 
system was modified to yield a single sample separation of methane, carbon 
dioxide, nitrous oxide, nitrogen gas, and oxygen. Chromatograph operating 
parameters are as follows: 
Chromatograph Aerograph model A-90-P 
Column packing 18 ft. X l/8-in. aluminum "Hot" column 
24 ft. X 1/8-in. aluminum "Cold" column 
Temperature Injection: Room temperature; "Hot" column: 
35 C; Detector: 38 C; "Cold" column: 
-72 C (dry ice-acetone bath) 
Carrier gas Helium at 12ml/min; Inlet pressure 25 psi 
Detector Thermal conductivity with 4 WX (Tungsten + 
3% Rhenium) filaments at 250 ma 
Recorder Esterline Angus model E1101E Strip Chart 
Recorder equipped with a model 247 Disc 
Chart Integrator, 1 mV; 1/2-in/min 
Sample size 1 ml gas 
Analysis time 23 min from injection to end of oxygen peak; 
Sample could be injected every 17 min with¬ 
out conflicting peaks 
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As shown in Figure 7, gas flowed first through the "hot" column to the de¬ 
tector, then from the exhaust port of the detector into the "cold" column, which 
was in turn attached to the exhaust port of the reference side of the detector. 
Figure 8 shows a typical chromatogram along with other operating parameters. 
The first peak to register was a combined nitrogen and oxygen peak which passed 
through the hot column unresolved. Methane, carbon dioxide and nitrous oxide 
were then evolved as separate peaks. While the latter three gases were being 
resolved in the hot column, the nitrogen and oxygen passed into the cold column 
and were being resolved. When the nitrous oxide peak was completely evolved, 
the polarity of the recorder was reversed. Nitrogen and then oxygen were regis¬ 
tered as separate peaks as they flowed through the original reference side of the 
detector. Carbon dioxide and nitrous oxide would remain in the cold column 
until the acetone-dry ice bath was removed. Methane would pass slowly through 
the cold column and appear as a very broad peak in approximately 1-1/2 hr. No 
problem was presented in this analysis because methane concentrations were seldom 
high enough for the broad peak to detectably alter the base line. If a series of 
high methane samples were injected, the acetone-dry ice bath was removed and 
the methane would pass out of the system within a few minutes. On completion 
of the day's analysis, the dry ice-acetone bath was removed and helium was 
allowed to continually flow through the column flushing the column until the 
next day's analysis. 
FIGURE 7 
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Quantitative analysis of gases was based on calibration curves of integrator 
response when known amounts of standards were injected. A linear response was 
observed within the working range of each gas calibrated. 
The total gaseous volume of the system was determined for each incubation 
by calculating the total volume of the system and subtracting the volume occupied 
by the water and the soil added (based on a particle density of 2.65 g/ml). The 
amount of any gas present in the system was calculated by multiplying the amount 
of that gas present in a 1 ml sample times the total gaseous volume of the lysimeter. 
Carbon Dioxide 
As reported by Cornfield (31), the carbon dioxide trapped by the BaC^ 
solution could be liberated by the addition of HCI and measured on a calcimeter. 
A pressure calcimeter was constructed (Figure 9) to provide an estimate of the 
carbon dioxide trapped. A plastic cylinder containing 30ml of 6 N HCI was 
placed inside the flask which had served as an oxygen generator. This was fitted 
with a one-hole stopper which connected to a 4 liter reservoir, which in turn was 
connected to a 500 ml flask. The flask was filled with water and fitted with a 
stopper containing 1.5 meter vertical glass tube. Tipping the florence flask 
allowed the acid to spill into the Ba02 (and BaCC^) suspension, and the resulting 
increase in pressure due to released carbon dioxide could be measured by height of 
water rise in the column. Calibration curves were constructed using CaCC^standards. 
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FIGURE 9 
APPARATUS FOR MEASURING THE CARBON DIOXIDE TRAPPED 
IN THE OXYGEN GENERATOR 
o 
to 
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This method provided only a crude estimate of the amount of CO2 evolved. 
No attempt was made to estimate the amount of CO2 in the lysimeter atmosphere 
at the time of disassembly or the amount dissolved in the soil water. Because the 
amount of CO2 evolved was only tangentially important to the objectives of the 
experiment, and because there was a tremendous variation of the amount trapped 
among different treatments, a more accurate analysis was felt unnecessary. 
Ammonia 
A vial containing approximately 4ml of a boric acid solution was suspended 
from the top of the lysimeter to trap ammonia volatilized by the soil. A boric 
acid indicator solution was prepared similar to the one described by Bremner 
(21) except that ethanol was not used. Instead, a water soluble bromocresol 
green was used and the methyl red was titrated to a soluble form with 0.05 N 
NaOH prior to its addition to the boric acid solution. The absorption of ammonia 
would produce a color change from a light purple to a blue-green. The use of 
ethanol in the solution was avoided because of the reduction in pressure within 
the lysimeter which occurred during the filling process. At the end of the incu¬ 
bation this solution was rinsed into a steam distillation flask and distilled with 5 ml 
of ION NaOH. The ammonia released was then trapped in boric acid again and 
assayed as described for inorganic nitrogen determination. 
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This is not a standard procedure and was initially utilized only as a qualitative 
test to see if ammonia was volatilized during the incubation. The choice of this 
unproven method was based on the secondary importance of ammonia to the ob¬ 
jectives of the experiment, the ease with which it could be adapted to the tests 
already performed, and also the advantage of being able to visually observe the 
time at which ammonia was first evolved. Very small amounts of ammonia were 
trapped in the boric acid, implying that NH3 concentrations were small. For this 
reason more reliable methods were not employed. 
Iron 
Iron in the soil solution was determined by a hydroxylamine reduction- 
orthophenanthroline colorimetric procedure described by Greweling (41). 
Analysis was performed using a Zeiss PMQ II spectrophotometer. 
pH 
The pH was determined using a 2:1 watensoil solution on a Beckman model 
1019 research pH meter. 
Nitrogen, carbon, manganese and moisture tests were performed as described 
in Experiment 1. 
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EXPERIMENT II 
RESULTS AND DISCUSSION 
This experiment was designed to evaluate the denitrification capacity of a 
heavily manured soil. The design of the apparatus, treatment levels and other 
conditions for the incubation of the soil were specifically selected to provide 
the most meaningful correlation with observations made in the field. It was 
hoped that combining field studies and laboratory studies would help to over¬ 
come the intrinsic weaknesses of each type of study. Experiment I provides data 
describing the effect of manure on an undisturbed soil under actual field con¬ 
ditions. As was pointed out earlier, this type of study has serious limitations 
for measuring various soil nitrogen transformations, especially denitrification. 
While laboratory studies can measure these reactions quite accurately, the con¬ 
ditions of the experiment are often far removed from those in the field, and the 
reactions studied may be very different from those which occur in the field. 
In recognition of the fact that field conditions cannot be exactly replicated, 
and that disturbing the soil immeasurably alters the amount of denitrification 
which occurs, laboratory studies can only be used to compare the capacities of 
soils to denitrify under certain specified conditions. There are, however, many 
possible different ways in which denitrification capacity can be evaluated. The 
method employed in this experiment was based on the field observation that 
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heavy rates of manure application had markedly changed the soil. This method 
was designed to evaluate some of these changes as to how they affect the de¬ 
nitrification capacity of a soil under the simulated field conditions where de¬ 
nitrification would be most significant. Water contents of the incubated soils 
were selected to be representative of conditions found in these same soils under 
field conditions following a heavy rainfall. The soil was placed in vertical 
columns with oxygen over the surface to allow a better development of the re¬ 
lationship among oxygen supply, oxygen demand, and depth from the surface. 
Three major factors which were considered important attributes of heavily 
manured soils were studied independently for effect on the denitrification 
capacity of a soil. These were the soil's history of manuring, the presence of 
manure and the presence of nitrate. The effect of each of these factors was 
evaluated by gross comparisons of the behavior of the soil system when various 
treatments of each were applied. It was felt that gross comparisons involving 
as many related variables as possible would provide a reasonable analysis of the 
effects and interactions of these variables, as well as identification of other 
possibly significant factors. Analysis of many related factors would also provide 
a better basis for correlation of field and laboratory studies. 
Denitrification capacity was evaluated by several different methods which 
either provided a direct measure of denitrification, or could be correlated with 
denitrification activity in some way. The following sections discuss each of 
these methods separately. 
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Disappearance of Nitrate 
Monitoring the disappearance of nitrate provides one measure of denitrification. 
At the end of each incubation, samples of the soil solution were tested for nitrate 
content. This solution was obtained by applying a vacuum to the bottom of the 
column and extracting the most readily available water. The quality of this solu¬ 
tion was, therefore, indicative of the quality of the water which would be the first 
to leach into the lower profile. 
Results of these nitrate tests after 14 days incubation (Table 14) and after 3 
days incubation (Table 15) show that both the soil's history of manuring and the 
amount of nitrate added are highly significant in determining the amount of nitrate 
remaining in solution, and,therefore, available to leach. Both incubations also 
showed a highly significant soil-nitrogen interaction. After 14 days incubation 
the manured soils had virtually no nitrate remaining, while the U (unmanured history) 
soil had nitrate present where nitrate was added. This is in spite of the fact that the 
heavily manured soils had substantially more nitrate natively present. Initial con¬ 
centrations in the H (history of heavy manuring) soil where 200 Ib/A NO3 -N treat¬ 
ment had been added, were about 180ppm NOg -N at the start of the incubation. 
The data in Table 15 show that the concentration of nitrate in the water of columns 
with this treatment was only 8ppm after 3 days. Where 400 and 600 Ib/ANO^ ~N 
had been added, the concentration of nitrate in solution decreased after 3 days in¬ 
cubation as the soil's history of manuring increased in spite of initial larger con¬ 
centrations. These data clearly show that a soil's history of manuring is important 
in determining how much nitrate is removed from the soil solution which leaches 
into the lower profile. 
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TABLE 14 
NITRATE IN SOIL SOLUTION AFTER 14 DAYS INCUBATION 
NOg -N treatment (lb/A) 
JU1 1 
History Treatment 
0 100 200 
T/A average of two columns ppm NO3 -N 
Unmanured 0 0 6 74 
20 1 44 62 
200 1 10 53 
Medium 0 0 0 2 
20 0 0 1 
200 0 0 2 
Heavy 0 0 2 3 
20 0 2 2 
200 1 1 2 
TABLE 15 
NITRATE IN SOIL SOLUTION AFTER 3 DAYS INCUBATION 
(MANURE TREATMENT OF 20 T/A ADDED TO ALL COLUMNS) 
Soil 
NO3-N treatment (Ib/A) 
History 
0 200 400 600 
average of two columns ppm NOg -N 
Unmanured 1 100 200 292 
Medium 2 56 149 241 
Heavy 1 8 104 172 
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The effect of recent applications of manure on the concentration of nitrate 
remaining in solution is not well illustrated by this data. However, in the U soil 
after 14 days incubation (Table 14),the addition of manure often decreased the 
concentration of nitrate in solution. 
Although the disappearance of nitrate is not in itself proof that denitrification 
has occurred, it is a very important consideration when evaluating the soil as a 
nitrogen disposal system. The removal of nitrate from the waters which leach 
from the surface layers is essential if the system is to be effective and environ¬ 
mentally safe. As a method of measuring denitrification, monitoring the disappear¬ 
ance of nitrate is of great value because field and laboratory data can be correlated, 
and in turn, the laboratory data can be correlated with data concerning the production 
of nitrogenous gases. 
Capacity to Generate Anaerobic Conditions 
The second major way in which denitrification capacity was studied was to 
evaluate the ability of the soil to generate the anaerobic or reducing conditions 
favorable for significant denitrification. This method employed a thermodynamic 
approach and assumed that the soil had several related processes that occurred at 
least partially in equilibrium with each other. It assumed that denitrification was 
one of several steps which would occur in the soil when the redox potential of that 
soil provided an energetically favorable environment. Although redox potential 
was assumed to be the master variable, it was not evaluated directly, but indirectly 
through the sequence of steps listed in Table 1. Utilizing these sequential steps 
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the redox status of each column was evaluated relative to the redox status of the 
other columns. 
The disappearance of nitrate occurs early in this sequence of steps. In those 
columns where nitrate had disappeared, it was assumed that the redox potential 
had dropped below the point where nitrate was stable. Where nitrate levels had 
been substantially decreased, it was assumed that the redox potential was lower 
than where nitrate levels were not decreased. 
Dropping one step lower on this sequence of events, manganese becomes the 
next indicator. Because oxidized forms of manganese are very insoluble, and 
reduced forms are soluble, the amount of manganese in solution would indicate 
redox conditions. This indicator would of course be most sensitive near the re¬ 
duction potential of the exact manganese couple being transformed. Because 
the soils were similar and because only relative differences among columns were 
being studied, it was not necessary to identify the exact manganese couple being 
transformed. 
Data showing manganese content of the soil solution after 14 days incubation 
(Table 16) revealed that the soil's history, manure treatment, and nitrate treat¬ 
ment all produced significant effects on the manganese content of the soil solution. 
Significant interactions of soil with nitrogen treatment and of manure with nitrogen 
treatment were apparent. Manganese content increased with increased history of 
manuring, indicating that the conditions became most reducing in the heavily 
manured soils. The effect of added nitrate was to reduce the content of manganese 
in solution, which suggests that the addition of nitrate delayed the fell in redox 
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potential. It appears that while microorganisms were utilizing nitrate as a term¬ 
inal electron acceptor, the redox potential of the soil environment was maintained 
near the potential at which nitrate disappears. Bell (13) in other laboratory studies 
has clearly demonstrated this effect of nitrate on redox potential. The fact that 
this delay occurred supports the theory that nitrate was largely being denitrified. 
The effect of added manure was to generally increase manganese concentrations 
in solution, or hasten the fall of the redox potential. This was most likely the 
effect of fresh electron-rich carbonaceous substrate which the microorganisms could 
quickly utilize. Where oxygen supply was limited for use as a terminal electron 
acceptor the redox potential would fall and other electron acceptors would be 
utilized in the order shown in Table 1. 
The fact that the manganese content of the U soil was only slightly affected 
by the addition of nitrate or manure, suggests that the redox potential of this soil 
after 14 days incubation had not fallen near the manganese step. This was supported 
by the fact that nitrate was still present in this soil solution. Differences due to 
nitrate treatment were very clear in the M (medium history of manuring) soil, suggest 
ing that the redox potential of this soil was very near the manganese step. While 
differences were very apparent with nitrate treatment in the H soil, they were more 
erratic, suggesting that redox potential could have fallen below the manganese step. 
The manganese contents of the soil solutions after 3 days incubation (Table 17) 
showed the beginnings of the same effects. They also showed that when 400 or 600 
lb/A of NO3 -N were added to the column, no differences appeared among the 
soils with respect to manganese in solution. This supports the assumption that 
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TABLE 16 
MANGANESE IN SOIL SOLUTION AFTER 14 DAYS INCUBATION 
Soil Manure 
no3-- N treatment (Ib/A) Avg. Avg. 
History Treatment 
0 
Manure for 
100 200 Treatment Soil 
T/A — avg . of two col umns- ppm - 
Unmanured 0 .4 .2 .2 .24 .41 
20 .3 .3 .3 .32 
200 1.5 .3 .2 .65 
Medium 0 1.6 .8 .3 .88 .94 
20 1.6 .8 .5 .95 
200 1.8 .9 .3 .98 
Heavy 0 2.7 2.1 1.9 2.23 2.53 
20 3.2 2.6 2.8 2.84 
200 3.1 2.7 1.7 2.50 
Avg. for NO 2 -N treatment: 
1.8 1.2 .9 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Nitrate Treatment; 
5% level - Manure Treatment, Soil-nitrogen Interaction, Manure-nitrogen 
Interaction. 
TABLE 17 
MANGANESE IN SOIL SOLUTION AFTER 3 DAYS INCUBATION 
(MANURE TREATMENT OF 20 T/A ADDED TO ALL COLUMNS) 
Soil 
History 
NO3 -N treatment (Ib/A) 
0 200 400 600 
■ average of two columns ppm - 
Unmanured .1 .1 .2 .2 
Medium .4 .1 .1 .2 
Heavy 1.6 .4 .2 .2 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Nitrate Treatment, Soil-nitrogen Interaction. 
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differences in manganese content of the solution were largely due to differences 
in redox status of the soils. 
Analysis of the data showing the concentrations of iron in solution (Tables 18 
and 19) reveal that all the discussion relative to manganese also pertains to iron. 
The only difference is that iron is one step lower on the redox scale and the iron 
data reflect this difference. It appears that the U soil was no where near this 
couple, while the M soil was approaching it, and the H soil was near or slightly 
past it. These data agreed very well with the manganese and nitrate data in 
evaluating how low the redox potential had fallen during the incubation. Other 
studies have also recently shown that nitrate, manganese, and iron reduction 
proceed in at least partial equilibrium with each other in the field (39, 63, 65). 
Dropping lower on the redox scale to the methane formation step allowed a 
slightly different way to evaluate the redox status of a column. Because methane 
was being continually monitored above the soil, the approximate time at which 
the soil first reached this very reducing stage could be established. Table 20 
reveals the number of days incubation before methane was detected. The genera! 
effects of soil history, manure treatment, and nitrate treatment appeared similar 
to those observed in the nitrate, manganese, and iron discussion. In the U soil 
methane was not produced at all during the 14-day incubation, even when a 
20 T/A treatment of manure had been applied. With the addition of a 200 T/A 
manure treatment, methane was first evolved on the 12th or 14th day. In contrast 
to this, the unamended H soil could evolve methane in only 4 days. In both soils 
with history of manuring it was apparent that the addition of nitrate to the column 
80 
TABLE 18 
IRON IN SOIL SOLUTION AFTER 14 DAYS INCUBATION 
Soil Manure 
NOg -N treatment (Ib/A) 
Avg. 
Manure 
Treatment 
Avg. 
for 
Soi 1 
History Treatment 
0 100 200 
T/A — avg. of two columns — ppm - 
Unmanured 0 .2 .2 .2 .2 .2 
20 .2 .4 .3 .3 
200 .3 .2 .2 .2 
Medium 0 .6 .5 .4 .5 .5 
20 .6 .6 .4 .4 
200 1.0 .6 .4 .7 
Heavy 0 11.4 9.4 6.0 8.9 9.4 
20 10.9 10.3 7.4 9.5 
200 11.9 11.3 6.4 9.9 
Avg. for NO^ -N treatment: 
4.1 3.7 2.4 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Nitrate Treatment, Soil-nitrogen Interaction. 
TABLE 19 
IRON IN SOIL SOLUTION AFTER 3 DAYS INCUBATION 
(MANURE TREATMENT OF 20 T/A ADDED TO ALL COLUMNS) 
Soil 
NO^ -N treatment (Ib/A) 
History 
0 200 400 600 
Unmanured .1 
- average of two 
.1 
columns ppm — 
.4 .2 
Medium .5 .5 .5 .3 
Heavy 1.6 1.6 .8 .8 
Analysis of variance showed the following significant effects: 
1% level - Soil History 
TABLE 20 
I 
DAYS OF INCUBATION BEFORE METHANE DETECTED 
Soil 
History 
Manure 
Treatment 
NOg -N treatment (Ib/A) 
0 100 200 
Unmanured 
Medium 
T/A average of two columns (days) 
0 - - — 
20 - - — 
200 12 - 14 
0 8 10 12 
20 5 8 10 
200 5 8 8 
0 4 9 8 
20 4 9 4 
200 4 8 6 
Heavy 
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delayed the appearance of methane, while the addition of a manure treatment 
hastened it. The effect of each of these factors is made more apparent by com¬ 
paring the amounts of methane evolved during the 14 days (Table 21). The average 
methane production increased with increased history of manuring from .3 to 28 and 
153 mg/column in the U, M, and H soils, respectively; increased with manure 
treatment from 24 to 26 and 130 mg/column in the 0, 20 and 200 T/A treatments, 
respectively; and decreased with increased nitrate treatment from 86 to 51 and 44 
mg/column with the 0, 100 and 200 Ib/A, respectively. Analysis of variance in¬ 
dicates a highly significant soil-manure interaction which is apparent from the 
different responses of the soils to manure. The soil with a history of heavymanur- 
ing displayed a much greater ability to show immediate effect of manure. 
The tremendous differences among these soils in their ability to generate re¬ 
ducing conditions, and their differences in ability to respond to fresh applications 
of manure is closely related to the denitrification capacity of the soil. These 
differences reflect varying degrees of the microbial activities, which mediate a 
flow of electrons from the available carbonaceous material to available electron 
acceptors. In heavily manured soils it appears that an abundant availability of 
carbon, coupled with increased microbial activity, produced an intense electron 
flow which reduced any available electron acceptor. Because nitrate is among 
the most available acceptors, the amount of denitrification which occurred during 
a short period of saturation would be closely related to how rapidly the redox 
potential fall when the soil first becomes saturated. 
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TABLE 21 
METHANE GAS EVOLVED AFTER 14 DAYS INCUBATION 
Soil 
History 
Manure 
Treatment 
no3- 
0 
-N treatment (Ib/A) 
100 200 
Avg. 
Manure 
Treatment 
Avg. 
for 
Soil 
T/A -average of two columns- mg/ column — 
Un manured 0 0 0 0 0 .3 
20 0 0 0 0 
200 2 0 1 1 
Medium 0 2 1 2 1.2 27.5 
20 6 3 1 3.5 
200 132 57 44 78 
Heavy 0 48 83 84 71 152.8 
20 143 68 12 74 
200 443 245 248 312 
Avg. for NO; 3 -N treatment: 
86 51 43 • 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Manure Treatment, Soil-manure Interaction. 
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The method of evaluating denitrification capacity by the previous sequence 
of steps provides a very versatile and realistic measure of the denitrification 
capacity of a soil. Because so many different variables affect denitrification, 
and because of the general complexity of nitrogen transformations in the soil, 
denitrification cannot be evaluated as a unique and distinct process. Ottow 
and Blathe (76) recently demonstrated this by showing that of 71 strains of 
bacteria isolated for their iron reducing capability, all except 3 could reduce 
nitrate to nitrite and 35 reduced nitrite into gaseous compounds. 
The versatility of this method is illustrated by the way field plot data and 
laboratory data can be correlated. Nitrate disappearance data in the laboratory 
studies and data on the distribution of nitrate in the profiles of the manured plots 
are complementary in suggesting increased denitrification activity in the heavily 
manured soils. The manganese and iron concentrations in the soil solution of 
field and laboratory studies can also be readily compared. By comparing the 
manganese data from the field (Table 6) and laboratory (Table 16), it can be 
seen that similar redox relationships were observed among the soils in both 
these studies. It is also interesting to note that higher manganese concentrations 
were reached in the field than in the laboratory. 
Although no attempt was made to monitor the presence of methane in the 
field in this study, Elliot and McCalla (34) have shown that methane does occur 
significantly in the atmosphere of heavily manured soils. 
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Another advantage of this method is that it can provide insight into another 
important factor which must be understood before denitrification capacity can 
be fully evaluated in the field. This concerns equilibrium within the soil system, 
and the effect of the movement of water in the system. If the nitrate data and 
methane data are compared, it is apparent that methane was evolved from some 
columns while nitrate was still present. This can be explained by suggesting 
that not all the soil and water in a column were in redox equilibrium. It is 
apparent that oxygen would become less available with increased distance from 
the surface; therefore, redox potential would be expected to fall more rapidly 
after wetting as distance from the top increased. The redox potential of micro¬ 
environments would also be expected to vary with amounts of carbon and oxygen 
available. The data in the preceding sections suggest that redox potential could 
also vary with pore size. Below the soil surface where oxygen would not be 
available in a saturated soil, the redox potential would be dominated by nitrate 
as long as it is available for use as terminal electron acceptor by the microorgan¬ 
isms. Assuming that microorganisms were initially located on particle surfaces, 
the amount of nitrate available to the microorganism would increase with pore 
size. In a small pore containing little nitrate, the delay in drop of redox potential 
would be short as compared to a large pore where more nitrate is available. There¬ 
fore, nitrate concentration and redox potential would soon become influenced by 
pore size. 
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If this was carried one step further, it could be speculated that the downward 
percolation of soil solution would produce increased denitrification. This move¬ 
ment would tend to level off differences in redox potential on the microenviron¬ 
mental or pore level. Because nitrate is among the first products reduced, this 
leveling of differences would result in more nitrate reduced at the expense of 
methane production. This theory receives support from the work of Kobo et al. 
(50) who studied the chemical and biological effects of the movement of water 
through waterlogged paddy soils. They reported that the downward movement of 
« 
water decreased denitrification in soils with low organic carbon content, but in¬ 
creased denitrification when the soil had much available carbon for substrate. 
This presents another important factor which could make manured soils different 
from unmanured soils, and which must be carefully evaluated before denitrification 
capacity in the field can be accurately assessed. 
Evolution of Nitrogenous Gases 
The surest evidence that denitrification has occurred is provided through 
measurement of the nitrogenous gases evolved. Unfortunately, this is the most 
difficult evidence to obtain. Quantitative estimates of denitrification in the 
field are impossible because of the presence of nitrogen gas in the atmosphere. 
Lysi meters can be constructed to measure the amount of gases evolved accurately; 
however, the price of the accuracy is to create conditions very different from field 
conditions. The lysimeter used in this experiment was intended to be a compromise 
between the two extremes by sacrificing some accuracy to better simulate field 
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conditions. The gases measured represented only those gases which had actually 
escaped from the soil and did not include gases remaining in the soil pores or 
dissolved in the soil water. This fact is very important and these data should be 
considered only an estimate of the amount denitrified. 
Numerous studies have shown that nitrous oxide is an early product in the 
microbial denitrification process. When nitrate is readily available to the micro¬ 
organisms, nitrous oxide is a major product of the reaction; however, when the 
supply of nitrate becomes limited, the nitrous oxide can be further reduced to 
nitrogen gas. It is therefore generally expected that nitrous oxide concentrations 
over a soil in a closed system would rise and then fall early in the incubation (26, 
30). 
The above sequence was apparent in this study with nitrous oxide often being 
detectable over the soil within 4-5 hrs after water was first applied to the column. 
The patterns of nitrous oxide evolution for all treatments are shown in Figure 10 
to allow easy comparison of treatment effects. The effects of soil history, added 
manure, and added nitrate, can be seen from these graphs. The amount of nitrous 
oxide evolved increased with history of increased manuring. The effect of added 
manure was generally to cause more rapid decreases in nitrous oxide content after 
peak concentrations were reached. This effect was quite probably associated to 
the increased rate of drop of the redox potential noted in the last section, which 
resulted in a faster reduction of nitrous oxide to nitrogen gas. The effect of added 
nitrate was generally to increase the amount of nitrous oxide evolved. A clearer 
illustration of the effect of nitrate was shown in the results of the 3-day incubations 
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FIGURE 10 
PATTERN OF EVOLUTION OF NITROUS OXIDE DURING 14-DAY INCUBATION 
Unmanured Soil History Medium Soil History Heavy Soil History 
Days 
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where nitrate levels were increased (Figure 11). This study revealed that amounts 
of nitrous oxide evolved did increase with increased nitrate treatment. The 3-day 
study also illustrated that peak concentrations were reached earlier in the soils 
with history of manuring. This fact could also be explained by the more rapid 
drop in redox potential in these soils observed earlier. 
The amounts of gas evolved shown in Figure 11 are presented in Ib/A of 
N2O -N to bring out the fact that the evolution of nitrous oxide from a soil in 
the field does represent a loss. Even though these losses were much less than the 
losses through nitrogen gas, they were significant and should be recognized. 
Nitrogen gas is usually expected to be the major product of denitrification, 
either by enzymatic or by chemical mechanisms. The patterns of evolution of 
nitrogen gas for all treatments with 14-day incubation are illustrated in Figure 12. 
These graphs clearly show the effects of the soil's history of manuring, the addition 
of manure and the addition of nitrate upon the evolution of nitrogen gas. Increased 
history of manuring and increased nitrate treatment both resulted in greater initial 
rates of denitrification, and greater total amounts denitrified. The major effect of 
added manure appears to be in increasing initial rates of denitrification. 
Of special interest is the initial period of rapid gas evolution which occurred 
in all soils. This initial reaction rate corresponds very well with what would be 
predicted from data concerning the rate of drop of the redox potential. That is, 
conditions which tended to increase the rate of drop in redox potential also tended 
to increase rate of denitrification. After this initial rapid rate of denitrification, 
a much slower rate was maintained. Prahasam and Loehr (84) noted an effect 
90 
91 
FIGURE 12 
PATTERN OF EVOLUTION OF NITROGEN GAS DURING 14-DAY INCUBATION 
Unmanured Soil History Medium Soil History Heavy Soil History 
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similar to this studying denitrification rates in concentrated sewage sludge. They 
observed an initial rapid phase followed by a plateau and then a second slower 
rate of denitrification. They attributed this two-stage effect to the rapid utiliza¬ 
tion and depletion of available substrate, followed by a lag period before the 
microorganisms could adjust to more complex forms of substrate to continue de¬ 
nitrification at a reduced rate. Although the patterns of nitrogen evolution in 
Figure 12 clearly show an initial rapid period of denitrification, the presence 
of plateau and second denitrification rate is only partially supported. It could 
be speculated that this effect did not appear in the U soil, while the M soil 
showed a long plateau and just started a second rate on the 10th, 12th, or 14th 
day, and the H soil showed a short plateau and immediate second stage. This 
would be reasonable, realizing the differences in microbial activity already 
observed in this soil. 
Several interesting visual observations were apparent relative to these initial 
rapid rates of denitrification. It was observed that after the start of the incubation 
the soil at the top of the columns treated with H soil would actually become wetter. 
If nitrate treatment was added to the column, water would appear on the surface, 
generally proportional to the amount of nitrate added. This was frustrating early 
in the experiment because it was initially planned that columns with water on the 
surface be discarded. After several reruns it became apparent that this phenomenon 
was repeatable. Water content of the soil was lowered slightly to reduce this effect, 
however, the amount necessary to completely alleviate it would have weakened rhe 
comparison among the soils. This effect was, therefore, considered a difference 
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among the treatments which would also be present in the field. Figure 13 shows a 
picture of this effect where 0, 200, 400, 600 lb NO3-N had been added to columns 
after 1, 2, and 3 days incubation. 
This water would appear on the surface of the soil between 24 and 48 hrs after 
the start of the incubation. During this period a rapid succession of bubbles of gas 
could be seen rising in the water from the soil. The period during which the bubbles 
were evolved most rapidly coincided with the time during which gas analysis re¬ 
vealed the most rapid increases in N2 content. The phenomenon of water rising 
to the surface was attributed to gas being formed in the soil, and displacing the 
water. The fact that this only occurred in the H soil or the M soil to which a 
large manure treatment had been added was attributed to some change in the soil 
due to the heavy manuring. These soils apparently had changed in a manner that 
greatly reduced the ability of gases to flow through the soil. This was supported 
also by a large number of cracks which appeared in the top few inches of the 
heavily manured soils. Such cracks could not be quantitatively evaluated; how¬ 
ever, they only occurred in the H soil or the M soil to which large manure treat¬ 
ments were applied. The amount of cracking which occurred increased with in¬ 
creased nitrate treatment. Figures 13 and 14 show that these cracks often become 
very large and were sometimes very near the surface of the soil. The fact that the 
column of soil was split and part of the soil actually lifted, rather than the gas 
just flowing through, indicated that gas flow had been greatly reduced in the 
heavily manured soils. The fact that these cracks occurred suggests that the 
measurement of gases which escaped from the soil provides an underestimate of 
denitrification which occurred in the heavily manured soils. 
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FIGURE 13 
CHANGES IN THE SOIL COLUMN EARLY IN THE INCUBATION OF THE H SOIL 
From left to right columns v/ere treated with 0, 200, 400, and 600 Ib/A 
NO3 -N. At 1 and 2 days there appeared a thin film of water on the soil 
with the 200 Ib/A treatment and about 2 cm of water on the 400 Ib/A soil. 
By the second day, large splits were cpoarent in the columns which were 
treated with nitrate. 
FIGURE 14 
From left to right columns were treated with 0, 100, and 200 Ib/A NO3 -N. 
These pictures show that the amount of splitting which occurred increased with 
increased nitrate treatment. Sometimes very large splits would appear even 
close to the soil surface. 
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When comparisons of denitrification capacity are made, based on that nitrogen 
gas which did escape from the soil, it is apparent that the time of incubation is 
another very important factor to be considered. The incubation times in this study 
were selected to provide maximum information about denitrification activity during 
a short period of saturation, similar to what could be expected after a heavy rain¬ 
fall in the field. The 14-day study al lowed observation of initial rates of denitrif¬ 
ication and also allowed enough time for differences in redox status to develop. 
The average amount of nitrogen gas evolved during the 14-day period (Table 22) 
increased with increased history of manuring from 33 to 40 and 58 mg N/column 
in the U, M, and H soils, respectively; increased with increased nitrate treatment 
from 32 to 40 and 58 mg N/column with 0, 100, and 200 Ib/A NOg -N added; 
and increased with increased manure treatment from 41 to 42 and 48 mg N/column 
with 0, 20,and 200 T/A added, respectively. Analysis of variance showed the 
effects of soil history and nitrate treatment to be highly significant, while the 
manure treatment effects were not significant at the 5% level of confidence. It 
should be noted that in the heavily treated M and H soils where splitting of the 
soil column was frequent, the amounts of nitrogen evolved were less than would 
be predicted from trends of other treatments and from evaluations of denitrification 
capacity in the preceding sections. 
Under field conditions it is unlikely that a soil would remain saturated for a 
14-day period; however, a period of saturation lasting 1, 2, or 3 days would be 
very reasonable following a heavy rainfall. The amount of gas whicnwas evolved 
during the first three days of the 14-day incubation is shown in Table 23. It is 
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TABLE 22 
NITROGEN GAS EVOLVED DURING 14 DAYS INCUBATION 
Soil 
History 
Manure 
Treatment 
NOJ -N treatment (Ib/A) Avg. 
Manure 
Treatment 
Avg. 
for 
Soil 0 100 200 
T/A -average of two columns- 3 (a
 Z
 
o o
 
lumn- 
Unmanured 0 18 28 38 28 33.2 
20 20 28 45 31 
200 27 39 55 40 
Medium 0 29 40 58 42 39.9 
20 30 28 48 35 
200 28 43 55 42 
Heavy 0 35 44 74 51 57.8 
20 59 47 76 61 
200 47 62 77 62 
Avg. for NOg -N treatment: 
32 40 58 
• 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Nitrate Treatment. 
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TABLE 23 
NITROGEN GAS EVOLVED DURING THE FIRST 3 DAYS 
OF THE 14-DAY INCUBATION 
Soi 1 
History 
Manure 
Treatment 
NOg -N treatment (Ib/A) 
Avg. 
Manure 
Treatment 
Avg. 
for 
Soil 0 100 200 
T/A - average of two columns — - mg N2/C0 lumn- 
Unmanured 0 9 11 19 16 20.8 
20 10 15 30 18 
200 16 31 35 28 
Medium 0 18 27 26 24 25.9 
20 20 23 39 27 
200 23 32 25 27 
Heavy 0 17 21 32 23 34.9 
20 31 23 62 29 
200 36 47 50 
Avg. for NO ̂  -N treatment: 
20 26 35 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Manure Treatment, Nitrate Treatment. 
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interesting to note that at 3 days, analysis of variance shows soil history, nitrate 
treatment and manure treatment all to be highly significant. The fact that the 
effect of manure treatment was significant at 3 days but not at 14 supports the 
earlier observations that a major effect of manure was on initial denitrification 
rates. 
i 
The importance of time, history of manuring, and presence of nitrate on 
denitrification activity is best shown by Figure 15. This data is presented in 
units of Ib/A of nitrogen to better relate the magnitude of the loss to possible 
field losses. As history of manuring increased, initial rates of denitrification 
increased, and also larger portions of the nitrate present were denitrified. 
Utilizing the nitrate data from Experiment I (Table 11), it is apparent that 
different amounts of nitrate would normally be expected to be present in these 
soils. The most valid comparison of denitrification capacity for field conditions 
would have to compare the denitrification observed when levels of nitrate were 
about 100, 250, and 400 Ib/A NO3 -N in the U, M, and H soils, respectively. 
Denitrification capacity would, therefore, increase because larger amounts of 
nitrate would normally be present, and also because a greater portion of the nitrate 
present would be denitrified during any short period of saturation. 
To this point the disappearance of nitrate and the production of nitrogenous 
gases have been developed as separate lines of evidence. A comparison of these 
two methods provides much more information than can be obtained from either 
method alone. Tables 24 and 25 report the amount of nitrogen gas evolved ex¬ 
pressed as percent of the nitrate-nitrogen initially present in the soil. This includes 
the nitrate native to the soil, plus the nitrate which was added. It should be noted 
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TABLE 24 
n2 evolved DURING 14-DAY INCUBATION 
(EXPRESSED AS PERCENT OF NO3 -N INITIALLY PRESENT) 
Soil Manure 
NO3- N treatment (Ib/A) 
History Treatment 
0 100 200 
T/A average of two columns (percent) 
Unmanured 0 132 83 71 
20 140 84 83 
200 191 115 102 
Medium 0 171 107 102 
* 
20 174 76 84 
200 176 116 97 
Heavy 0 112 87 104 
20 189 93 107 
200 151 121 108 
TABLE 25 
GASEOUS NITROGEN EVOLVED DURING 3-DAY INCUBATION 
(EXPRESSED AS PERCENT OF NO3 -N INITIALLY PRESENT) 
(20 T/A MANURE ADDED TO ALL COLUMNS) 
NOo -N treatment (Ib/A) 
Soil ___ 
History 
0 200 400 600 
Unmanured 88 
average of two 
51 
columns (percent) 
28 48 
Medium 144 44 51 54 
Heavy 64 64 55 54 
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that these percentages contain the same inaccuracies of measurement as those of 
the nitrogen gas, especially where splitting of the soil column was a problem in 
the M and H soils. 
During the 14-day incubation it is apparent that in all soils where no nitrate 
was added, more nitrogen was evolved as a gas than was present as nitrate. The 
percentage generally increased with increase in manure treatment. Because this 
study does not provide distinction between nitrogen derived from the manure or 
nitrogen from the soil, the exact source of this nitrogen cannot be determined. 
It is also impossible to determine if this additional nitrogen was first oxidized to 
nitrate and then denitrified, or only to nitrite and then denitrified, or evolved 
directly from organic forms of nitrogen. 
The addition of nitrate generally decreased the percent evolved, as would be 
expected because of the larger amount of nitrate initially present. Comparisons 
of the percent evolved for both the 14- and 3-day incubations revealed that the 
percent evolved generally increased from the U to the M soil, but decreased from 
the M to the H soil. On the basis of the nitrate disappearance data, the differences 
among these soils in ability to generate reducing conditions, and also the amount of 
splitting which occurred in the H soil, it is probable that the percentages represent 
a substantial underestimate of denitrification in the H soil. 
Another factor which should be recognized is that nitrate still remained in the 
soil solution, especially after the 3-day incubation. Where nitrate remains in 
solution it would be informative to describe nitrogen recovered as percent of the 
nitrate-nitrogen which was initially present. When the results are expressed this 
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way for the 3-day incubation (Table 26), it is apparent that the percent recovered 
increased with increased nitrate treatment. This is opposite to the observations in 
the 14-day incubation and also a contradiction because percent evolved should 
equal percent recovered where no nitrate remained in solution. 
The reason for this discrepancy is suggested by comparison of the initial and 
final nitrate contents which were used in the calculation of this percentage (Table 
27). The U soil has approximately all the nitrate which was added still remaining, 
while the M and H soils show that some of the added nitrate was removed. This 
nitrate content was calculated on the assumption that the sample removed from the 
bottom of the column represented all the water in the column. It was suggested in 
an earlier discussion that nitrate concentrations could vary within the column with 
differences in pore size. Because the sample was extracted rapidly, the sample 
removed would be disproportionately derived from the large pore spaces which in 
turn have the high nitrate content. Because less than 1/10 of the water was ex¬ 
tracted, even a small difference in concentration due to this effect would cause a 
significant effect on the percentage figure. This discrepancy, therefore, supports 
the relationship between pore size and nitrate content developed earlier, because 
nitrate content in the sample extracted apparently did not represent the nitrate 
content of all the water remaining in the soil. 
One factor not explained by this is the fact that the U soil at the 600 lb/A 
treatment after 3 days had essentially all the nitrate initially present, yet gas 
analysis revealed that the amount of nitrogen evolved greatly increased between 
the 400 and 600 Ib/A NO3-N treatments. The amounts of nitrous oxide formed 
TABLE 26 
PERCENT RECOVERY OF NO3 -N DURING 3-DAY INCUBATION 
Soil 
History 
NOg -N treatment (Ib/A) 
0 200 400 600 
-average of two columns (percenl ■)- 
Unmanured 88 124 112 151 
Medium 150 90 120 134 
Heavy 64 70 99 108 
Cal culated by mg NO3 -N in solution + mg N evolved as gas 
mg of NO3 -N initially present 
TABLE 27 
COMPARISON OF INITIAL AND FINAL NITRATE-NITROGEN CONTENT 
OF THE 3-DAY INCUBATION 
(20 T/A MANURE ADDED TO ALL COLUMNS) 
Soi 1 Time 
NO3 -N treatment (Ib/A) 
History 
0 200 400 600 
mg NOo -N/column 
Unmanured Start 14 54 94 134 
Finish 0 39 79 138 
Medium Start 17 57 97 137 
Finish 1 26 67 108 
Heavy Start 31 91 111 151 
Finish 0 4 49 82 
Amount at start calculated by NO3 -N in soil + NO3 -N added. 
Amount at finish calculated by mg NO}“ -N in 1 ml of sample X ml water in 
column. 
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provided substantial evidence that the denitrification did occur reducing the 
possibility of analytical error. A reasonable explanation for this could be that 
simultaneous nitrification and denitrification occurred to a greater extent in this 
treatment for some undetermined reason. A different mechanism perhaps involving 
factors other than nitrate would also be reasonable because the 600lb/ANC>2 -N 
represents an unprecedented concentration of nitrate in this unmanured soil. 
Evolution of Carbon Dioxide 
In the preceding sections denitrification capacity has been I inked to the inten¬ 
sity of general microbial activities. The amount of carbon dioxide evolved by a 
soil was used as another indicator of microbial activity. Carbon dioxide would 
be evolved from respiration processes using either oxygen or nitrate as terminal 
electron acceptor. 
The amount of carbon dioxide evolved was extremely variable even within 
treatments; therefore, data for individual columns are shown (Tables 28 and 29). 
The average amount of carbon dioxide evolved during the 14-day incubation in¬ 
creased with increased history of manuring from 295 to 306 and 373 ml/colurnn in the 
U, M, and H soils, respectively, and increased with manure treatment from 238 to 
349 and 387 ml/column with treatments of 0, 20, and200T/A. The manure treatment 
was significant at the 5% level of confidence, however, soil and nitrate effects were 
not. It is interesting to note that on the 3-day incubation the average amount of 
carbon dioxide evolved increased from 87 to 95 and 169m!/column in the U, M, 
and H soils, respectively. This difference is highly significant. It is the 3-day 
incubation which provides the most accurate comparison of activity because in 
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TABLE 28 
CARBON DIOXIDE EVOLVED DURING 14-DAY INCUBATION 
Soil 
History 
Manure 
Treatment 
no3- 
0 
-N treatment (lb/A) 
100 200 
Avg. 
Manure 
Treatment 
Avg. 
for 
Soil 
T/A _ i / i 1/  ml/column 
Unmanured 0 95 122 168 163 294 
168 223 201 
20 206 333 256 264 
300 252 240 
200 917 238 202 457 
514 386 483 
Medium 0 264 213 264 294 306 
257 243 523 
20 222 163 170 292 
288 105 801 
200 543 169 171 332 
262 629 216 
Heavy 0 156 180 170 258 373 
625 161 257 
20 386 187 528 490 
448 734 657 
200 365 252 358 371 
610 333 310 
Avg.for NO o -N treatment: 
368 274 332 
Analysis of variance showed the following significant effects: 
5% level - Manure Treatment. 
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TABLE 29 
CARBON DIOXIDE EVOLVED DURING 3-DAY INCUBATION 
Soil 
NOg -N treatment (lb/A) Avg. 
for 
Soil 
History 
0 200 400 600 
... m 1 /rnl 1 imn - 
Unmanured 74 120 72 86 87 
79 98 105 62 
Medium 84 120 62 137 96 
86 72 113 91 
Heavy 235 240 101 106 169 
173 139 211 149 
Avg. for NOg -N treatment: 
122 132 111 105 
Analysis of variance showed fhe following significant effects: 
1% level - Soil History. 
TABLE 30 
CARBON EVOLVED AS C02 OR CH4 DURING 14-DAY INCUBATION 
Soil 
History 
Manure 
Treatment 
Avg. 
Manure 
Treatment 
Avg. 
for 
Soil 
T/A -mg C/column - 
Unmanured 0 44 80 
20 72 
200 125 
Medium 0 81 98 
20 82 
200 132 
Heavy 0 109 183 
20 174 
200 268 
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the 14-day incubation, the microbial activity in the M and H soils is underestimated 
significantly more than the U soil. In the manured soils carbon dioxide evolution 
decreased as redox potential fell, and part of the carbon remained in the soil in the 
form of organic acids, or was released as methane. Therefore, a more accurate 
comparison among the soils would be in terms of both carbon dioxide and methane 
evolved. The average amounts of carbon evolved (Table 30) clearly increased with 
history of manuring and also with increased manure treatment. 
Changes in pH 
Another way in which denitrification capacity was evaluated was by measuring 
the pH of the top 6 cm of soil in each column after the incubation was complete. 
Numerous studies have indicated that pH is very important in determining the 
mechanism and rate of denitrification. Alexander (2) reports a test which evaluates 
the number of denitrifying organisms based on a rise in pH as denitrification proceeds. 
Because of this, and the general importance of pH to denitrification, the analysis was 
performed. 
Analysis of variance of the pH data for the 14-day incubation (Table 31) showed 
soil history and manure treatment to have highly significant effects. The pH varied 
among the soils representative of the pH's initially reported for the soils. The pH 
generally increased with increased manure treatment from 6.4 to 6.3 and 7.0 with 
0, 20, and 200 T/A treatments, respectively. A significant soil-manure interaction 
reveals that manure treatments increased the pH more in the previously unmanured 
soils than in the previously manured soils. 
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TABLE 31 
pH OF THE TOP 5CM OF SOIL AFTER 14-DAY INCUBATION 
Soil Manure 
NOg -N treatment (Ib/A) 
Avg. 
Manure 
Treatment 
Avg. 
for 
Soil 
History Treatment 
0 100 200 
Unmanured 0 6.53 6.28 6.33 6.19 6.47 
5.91 6.14 5.95 
20 6.25 6.24 6.20 6.25 
6.40 6.09 6.29 
200 6.67 6.48 6.91 6.97 
7.14 7.33 7.26 
Medium 0 6.49 6.27 6.17 6.38 6.68 
6.32 6.42 6.61 
20 6.80 6.66 6.62 6.65 
6.47 6.67 6.66 
200 7.18 7.19 7.02 7.01 
Heavy 0 6.92 6.85 6.95 6.68 6.61 
5.96 6.68 6.71 
20 6.52 6.52 5.03 6.13 
6.35 6.50 5.83 
200 7.23 6.98 7.23 7.04 
7.09 6.95 6.76 
Avg. for NOg -N treatment: 
6.63 6.62 6.52 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Manure Treatment; 
5% level - Soil-manure Interaction. 
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TABLE 32 
pH OF THE TOP 5 CM OF SOIL AFTER 3-DAY INCUBATION 
Soil 
History 
NO 2 -N treatment (lb/A) Avg. 
for 
Soil 0 200 400 600 
Unmanured 5.01 5.76 5.93 6.21 5.86 
6.02 5.92 5.77 6.26 
5.52 5.87 5.85 6.23 
Medium 6.31 5.87 6.53 6.39 6.29 
6.21 6.53 6.06 6.41 
6.26 6.20 6.30 6.40 
Heavy 5.62 5.78 6.41 6.60 6.00 
5.97 5.90 5.71 6.05 
5.80 5.84 6.06 6.32 
Avg. for NO3 -N treatment: 
5.86 5.96 6.07 6.32 • 
Analysis of variance showed the following significant effects: 
5% level - No significance. 
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Analysis of variance of the 3-day incubation shows no significance at the 
5% level. It should be noted, however, that the average pH did increase with 
nitrate treatment showing 5.86, 5.96, 6.07, and 6.32 when 0, 200, 400, and 
600 Ib/A NOg -N were added. It should al so be noted that the average change 
in pH for a given nitrate treatment within a soil corresponds very well with obser¬ 
vations of the relative changes in amount of gas evolved from that treatment 
(Figure 15). 
Evolution of Ammonia 
The volatilization of nitrogen as ammonia gas represents an important 
possibility for the loss of nitrogen from manured soils. Although this process 
proceeds by different mechanisms than those involved in denitrification, an 
attempt was made to determine the significance of this process in manured soils. 
As mentioned earlier, the method of analysis used to evaluate ammonia loss was 
one based on convenience and certainly not to be considered quantitative. It 
did show, however, that comparatively small amounts of NHg were lost compared 
to the amount denitrified. The presence of color indicator in the boric acid solu¬ 
tion allowed the observation that ammonia was not evolved until after several 
days of incubation. The amounts measured (Table 33) indicate that soil history, 
manure treatment, and nitrate treatment all were significant effects. The amount 
of ammonia could often be visually correlated with the dampness or presence of 
water at the soil surface. 
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TABLE 33 
NH3 EVOLVED DURING 14-DAY INCUBATION 
Soil 
History 
Manure 
Treatment 
Noj- N treatment (lb/A) Avg. 
Manure 
Treatment 
Avg. 
for 
Soil 0 100 200 
MU MA _ - mg 1^113 1 y uu 1 ui 1111 
Unmanured 0 0 0 0 0 .06 
0 0 0 
20 0 0 0 0 
0 0 0 
200 .03 .43 .36 .19 
.06 .18 .06 
Medium 0 0 0 0 .00 .12 
0 0 0 
20 .02 .03 .04 .04 
.00 .06 .06 
200 .12 .51 .64 .32 
.11 .03 .50 
Heavy 0 .06 .12 .08 .07 .16 
.00 .14 .04 
20 .03 .13 .01 .11 
.00 .51 .00 
200 .19 .56 .16 .28 
.11 ‘ .40 .27 
Avg.fro NO 'o -N treatment: 
.04 .17 .12 
Analysis of variance showed the following significant effects: 
1% level - Manure Treatment, Nitrate Treatment; 
5% level - Soil History, Soil-nitrate Interaction. 
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Because of the small amounts measured, and the fact that it did not occur 
early in the incubation, ammonia losses were not considered important under 
these conditions. 
Ammonium in the Soil Solution 
Field observations (Experiment I) revealed that ammonium nitrogen was found 
far below the top few inches of soil in the manured soils. To further study this 
effect, the ammonium content was determined on that soil solution which was 
intended to represent the first to move into the lower profile. The results indicate 
that soil history of manuring and nitrate treatment were highly significant in affect¬ 
ing the ammonium content of this solution. In the 14-day incubation (Table 34) 
average ammonium concentration increased from .7 to 1.7 and 4.2ppm in the U, 
M, and H soils, respectively; and increased from .9 to 2.3 and 3.3ppm with 
nitrate treatments of 0, 100, and 200 Ib/A NO^ -N, respectively. The results 
for the 3-day incubation (Table 35) show similar results. While this information 
does not provide much information about denitrification, it does show that the 
amount of ammonium which moves down increases with increased history of manur¬ 
ing. This suggests that at least part of the ammonium which appeared in the subsoil 
could have moved down as ammonium. 
The fact that ammonium content increased with increased nitrate content could 
be explained by either of two ways. It could have been due to increased concen¬ 
tration of nitrate or it could have been due to increased levels of potassium. Po¬ 
tassium nitrate was used as the source of nitrate, so the large amounts of potassium 
were available to compete for cation exchange sites with the ammonium. Separation 
of these effects is not possible with the data provided. 
TABLE 34 
NH4 -N CONTENT OF THE SOIL SOLUTION AFTER 14-DAY INCUBATION 
Soil 
History 
Manure 
Treatment 
NO3- N treatment (lb/A) 
Avg. 
Manure 
Treatment 
Avg. 
for 
Soil 
0 100 200 
— ppm ■ 
Unmanured 0 0 1 0 .5 .7 
0 2 0 
* 
20 0 0 0 .5 
1 0 2 
200 1 0 2 1.0 
1 1 1 
Medium 0 0 1 4 1.8 1.7 
0 3 3 
20 0 2 3 1.8 
0 2 4 
200 0 2 2 1 .3 
0 1 3 
Heavy 0 2 4 6 4.3 4.2 
2 5 7 
20 2 5 7 4.2 
2 6 3 
200 2 1 6 4.0 
3 5 7 
Avg.for NO0 -N treatment • • 
0 
.9 2.3 3.3 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Nitrate Treatment, Soil-nitrogen Interaction. 
TABLE 35 
NH^-N IN SOIL SOLUTION AFTER 3-DAY INCUBATION 
Soil 
History 
NO3 -N treatment (lb/A) 
0 200 400 600 
Unmanured 1 
1 
Medium 0 
1 
Heavy 1 
2 
ppm 
1 1 1 
1 2 2 
3 4 5 
2 3 5 
4 4 7 
3 4 6 
Avg. for NO3 -N treatment: 
1.0 2.3 3.0 4.5 
Avg. 
for 
Soil 
1.4 
2.9 
3.9 
Analysis of variance showed the following significant effects: 
1% level - Soil History, Nitrate Treatment, Soil-nitrogen iteration. 
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COMBINED EFFECTS 
The preceding sections have discussed methods by which denitrification 
capacity could be evaluated or related to some measured factor. Because all 
of these measured factors occur simultaneously in the soil, it is their combined 
results which provide the most information about denitrification activity in the 
soil. Because denitrification activity is only being evaluated under the con¬ 
ditions of saturation which would be expected immediately following a heavy 
rainfall, certain interactions of these factors take on special significance. 
The long-term effect of the repeated application of manure to the soil would 
generally be expected to produce increased numbers of microorganisms in the 
soil, and also increased amounts of carbonaceous reserves. The presence of 
such an increased population which could literally explode into activity with 
no traditional lag period was clearly demonstrated by monitoring several products 
of microbia I metabolism. 
The short-term effect of the addition of manure would generally be expected 
to be an increase in the microbial activity, both because of the large number and 
variety of organisms contained in the manure, and also because of its nutrient 
substrate. This effect was also clearly illustrated in the incubation studies. 
The heterogenous mixture of materials found in all stages of decomposition 
in manure allows an explosive interaction with the increased native microbial 
population in the heavily manured soil. Because manure provides a variety of 
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substrate materials, it allows simultaneous activities of a very large portion of 
the microorganisms present. If a homogenous substrate such as glucose or cellu¬ 
lose were added, a much smaller portion of the microorganisms could immediately 
benefit from the addition. The intensive flourish of microbial activity during this 
short period would affect the rate and amount of denitrification by several indirect 
means. 
1) Many of these microorganisms will compete for oxygen and substrate 
nutrients. Because nutrients are in excess, oxygen will probably become less 
available. 
2) The reduced ability of gas to flow through the soil as indicated by 
splitting the soil column is most likely the result of some microbial activity. 
3) At this peak period of respiration the movement of carbon dioxide or 
nitrogenous gases out of the soil could also affect the inward diffusion Oi 
oxygen, further reducing oxygen availability. 
4) If the phenomenon of water being displaced in the soil and rising to 
the surface actually occurred in the heavily manured soils in the field, oxygen 
supply would be further reduced during this short time. 
It should be noted that nutrient excesses, oxygen demand and decreased 
oxygen supply would all occur most acutely in the heavily manured soil. The 
observation that nitrate content could also be expected to be higher in these 
soils suggests that increased denitrification could be expected. The fact that 
nitrate would move downward most significantly only when water supply is 
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sufficient to create these anaerobic conditions, implies that much of the nitrate 
in heavily manured soils would be denitrified before it could be leached into 
the underlying layers. 
I 
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CONCLUSIONS 
The data in this study clearly show that denitrification deserves special 
attention as a nitrogen disposal mechanism in heavily manured soils. The re¬ 
peated heavy application of manure at rates consistent with manure disposal 
objectives resulted in changes which increased the denitrification capacity of 
that soil. Three different attributes of heavily manured soils evaluated in¬ 
dependently showed this effect: (1) denitrification capacity increased with the 
soil's history of increased manure application; (2) the application of manure to 
soil increased rates of denitrification and total amounts of nitrogen denitrified; 
and (3) the presence of increased nitrate content resulted in increased denitrifi¬ 
cation. In addition to these independent increases, interactions of these factors, 
as would be expected in repeatedly heavily manured soils, were also found to 
increase denitrification activity. 
« 
Increased denitrification capacity is probably not attributable to any single 
change resulting from the addition of manure, but to a sum total of the changes 
which occur in the physical, chemical, and microbiological properties of the 
soil. Changes observed in this study which could be instrumental in increasing 
the denitrification capacity of a soil include: 
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1) The heavy application of manure resulted in large amounts of carbon in 
reduced form being present in the soil system. Repeated application resulted in 
increased reserves of this carbon in the soil which was partially available to 
microorganisms. The large excesses of carbon resulted in a greatly increased 
downward movement of carbon and other reduced materials into the subsoil. 
2) Repeated heavy applications of manure resulted in increased microbial 
activity in the soil. The extent of this increase was measured by various products 
of microbial metabolism including carbon dioxide and methane production; and 
nitrate, manganese and iron reductions. 
3) The interaction of increased available carbon and increased microbial 
activity resulted in trends toward anaerobic reactions. Nitrate, manganese, 
and iron reductions, as well as methane production, occurred more rapidly and 
more intensively in the manured soils during a short period of saturation. If 
oxygen flow were unchanged, an increase in oxygen demand alone would de¬ 
crease oxygen availability to microorganisms in the soil. Movement of microbial 
activity downward from the soil surface by the downward movement of carbon also 
greatly reduces the chances of adequate oxygen supply for aerobic processes. 
4) Heavily manured soils tended to accumulate nitrate-nitrogen under certain 
conditions. Laboratory studies showed that increased nitrate produces increased 
denitrification. During aerobic periods nitrification reactions would predominate 
in the surface layers of the soil. During periods of saturation this nitrate would 
move into the anaerobic areas created by intensive microbial activity and be sub¬ 
ject to denitrification. 
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5) Laboratory studies suggested that gas flow through the soil during periods 
of saturation was decreased in heavily manured soils. This was not measured 
directly, but through observations of splitting which occurred in the soil columns. 
The fact that no splitting occurred in the soil with no history of manuring, but did 
predictably occur in the heavily manured soils, often very near the surface, in¬ 
dicates that such changes had occurred. 
The magnitude of the nitrogen loss due to denitrification will depend on 
complex interactions of all the factors mentioned above. Evaluation of denit¬ 
rification capacity under conditions simulating the field conditions where the 
interaction of these factors would be expected to maximize denitrification losses, 
revealed that very rapid rates of denitrification were possible and that the mag¬ 
nitude of the loss was very significant. While no method used in this study was 
considered to give a quantitative analysis of the amounts denitrified, three 
different methods qualitiatively support that losses were significant. These were: 
1) Monitoring the disappearance of nitrate. Laboratory studies revealed 
significant reductions in the nitrate content of that soil solution which would be 
expected to leach into the lower profile. The magnitude of such decreases were 
on the order of 60ppm to 1 ppm or 180ppm to 8ppm during 3 days of incubation. 
2) Monitoring the production of nitrogenous gases which escaped from the soil. 
Losses of both nitrogen gas and nitrous oxide clearly showed that denitrification 
was occurring. Under conditions simulating reasonable conditions for a heavily 
manured soil the magnitude of such losses were as great at 225 Ib/A in 1 day, 
325 Ib/A in 2 days, and 400 Ib/A in 3 days incubation. 
3) Evaluating the soil's ability to produce the anaerobic or reducing con¬ 
ditions which enhance denitrification. Evaluation of how rapidly conditions 
become reducing in the soil clearly supported observations of the disappearance 
of nitrate and the patterns of evolution of nitrogenous gases. The heavily manured 
soil had the capacity to generate reducing conditions very rapidly and to denitrify 
nitrate that was present. 
The conditions under which denitrification capacity was evaluated could only 
be expected to occur periodically in the field for short periods of time following 
heavy rainfall. If the only losses which occurred through denitrification were 
realized during these periodic short periods, losses would still be very significant. 
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DISCUSSION OF 
implications for the soil as a manure disposal system 
In evaluating denitrification as a nitrogen disposal mechan.sm .nheavdy 
manured soils, this study Has focused on the development of the cHanges which 
result in a soil from the heavy application of manure. Experiment I studied the 
nature and magnitude of these changes under field conditions. Numerous differ¬ 
ences were noted including: increased carbon and nitrogen contents; increased 
water holding capacity; the downward movement of carbon in unprecedented 
omounts; and nitrate content which increased, but increases were less than pro¬ 
portionate to the amounts of manure applied. Experiment II studied these changes 
further by evaluating the effect they had on the denitrification capacity of the 
soil. This study clearly showed that denitrification capacity was greatly -teased 
in heavily manured soils. Three different attributes which would be expected ,n 
heavily manured soils were evaluated separately. Each of these factors, the so,, s 
f . a fhe presence of manure, and the presence of nitrate, .nde- 
history of manuring, the pres 
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The nature and effect of the changes noted in this study present an important 
consideration in the evaluation of the soil as a manure disposal system. If de¬ 
nitrification activity can be expected to increase with increasing rates of manure 
application, then the amount of nitrogen contamination per amount of manure 
disposed would decrease with increasing rate of manure application. This suggests 
that the most efficient soil-manure disposal system could be expected at heavy 
rates of application. 
If, for example, a 10-fold increase in manure application resulted in only a 
2-, 3-, or 5-fold increase in nitrogen contamination, a significant increase in 
efficiency has been achieved. Only l/l0 of the original land would have to be 
spread with manure. Presumably, this 1/10 could be carefully selected to produce 
minimum environmental problems. This area could be recognized and designated 
as a manure disposal area, within which increased nitrate content would not pre¬ 
sent a threat. As the water left this area, it would be diluted with the wafer from 
the other 9/10 of the land, and, therefore, the resulting nitrate content of the 
water leaving the farm or watershed would be substantially lower than if manure 
had been spread over the entire area. 
Within this designated area periodic elevated nitrate content could be con¬ 
sidered a sign of an efficiently operating disposal system. This study shows that 
denitrification clearly increased with increased nitrate content. Sanitary engineers 
(10, 54, 84) have suggested that alternative nitrification and denitrification is 
the best disposal method for nitrogen in manure. The fact that nitrate accumulates 
in manured soils, especially during dry periods, indicates that nitrification does 
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proceed. This nitrate would only be expected to move downward through the 
profile or out of the system when excess water is present, which was the con¬ 
dition under which denitrification capacity was evaluated in this study. The 
results of both Experiments 1 and II suggest that increased nitrate content due to 
increased manure application does not automatically imply increased leaching 
of nitrate into the ground water supplies. 
It is apparent that the scope of this report does not allow proof that such a 
system would be environmentally safe or acceptable. It does, however, suggest 
that if the soil is being studied as an alternative disposal system, such concen¬ 
trated land disposal practices deserve special attention. If the soil is to be fully 
developed as an alternative disposal system, several important factors not eval¬ 
uated in this report should be considered: 
1) The extent to which denitrification capacity could be increased by simple 
manipulations of the soil. For example, careful moisture control by means of 
irrigation could further increase denitrification efficiency. Control of pH could 
be another factor which could be important. Effects of constant tillage and 
working the soil versus leaving it relatively undisturbed should be explored. The 
presence of plants has clearly been shown to increase denitrification capacity 
(96, 109); therefore, incorporation of plants into the system could present an 
easy way to increase denitrification capacity. 
2) The effect of the downward movement of carbon should be studied further. 
If carbon does move extensively downward in these soils, denitrification could 
occur far below the surface, as nitrate moves into areas where carbon is present. 
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3) The effect of frequency of application should also be studied. The field 
data suggested that for a period after the manure was applied nitrate levels 
actually decreased with increased rate of manure application. This presents 
the possibility that application of manure three or four times a year could 
possibly maintain this effect permanently, and that nitrate would not leach at 
all from the system. 
4) The possibility that nitrogen moves through the soil in a form other than 
nitrate needs further study. It was assumed that only nitrate presented a threat 
to ground water. The fact that ammonium aopeared in the lower depths sampled 
suggests that other forms could move under these conditions. 
5) The relationship of the above factors and how they interact with soil type 
and other factors important to the selection of the location of a disposal system 
also deserve special attention. 
Implied in all of these factors is the need for a more complete study of the 
efficiency and environmental safety of land manure disposal systems where 
manure is concentrated into small areas. The magnitude of the animal waste 
disposal problem, the relatively small number of alternative methods of disposal 
available, and the cost of those which are available, all warrant maximum de¬ 
velopment of the capabilities of a land manure disposal system. 
127 
LITERATURE CITED 
1. Alexander, M. 1961 . Introduction to Soil Microbiology. John Wiley and 
Sons, Inc., New York, 472 pp. 
2. Alexander, M. 1965. Denitrifying bacteria. In C. A. Black (ed.) Methods 
of Soil Analysis, Part 2. Agronomy 9:1484-1486. Amer. Soc. Agron., 
Madison, Wis. 
3. Allison, F. E. 1955. The enigma of soil nitrogen balance sheets. In 
A. G. Norman (ed.) Advanc. Agron. 7:213-250. 
4. Allison, F. E. 1963. Losses of nitrogen from soils by chemical mechanisms 
involving nitrous acid and nitrites. Soil Sci. 96:404-409. 
5. Allison, F. E. 1965. Evaluation of incoming and outgoing processes that 
effect soil nitrogen. Agronomy 10:573-606. 
6. Allison, L. E. 1965. Organic carbon. In C. A. Black (ed.) Methods of 
Soil Analysis, Part 2. Agronomy 9:1372-1375. Amer. Soc. Agron., 
Madison, Wis. 
7. Anderson, D. F. 1972. Implications of the permit program in the poultry 
and animal feeding industry. In Waste Management Research, Pro¬ 
ceedings of the 1972 Cornell Agricultural Waste Management Con¬ 
ference . Graphics Management Corp., Washington, D. C., pp 25-43. 
8. Anonymous. 1970. Pollution Caused Fish Kills in 1969. Federal Water 
Poll. Cont. Admin., Washington, D.C., 10 pp. 
9. Aomine, S. 1962. A review of research on redox potentials of paddy soils 
in Japan. Soil Sci. 94:6-13. 
10. Balakrishnan, S. and W. W. Eckenfelder. 1969. Nitrogen relationships in 
biological treatment processes. III. Denitrification in the modified 
activated sludge process. Water Res. 3:177-188. 
11. Bannett, A. P.,W. A. Jackson, and W. E. Adams. 1969. Runoff: 
Apply more, not less poultry litter to reduce pollution. Crops 
and Soils Mag., Apr.-May, 24 pp. 
128 
12. Bartholomew, W. V. and F. E. Clark. 1965. Soil Nitrogen. Agronomy 
10:1-615. Amer. Soc. Agron., Madison, Wis. 
13. Bell, R. G. 1969. Studies of the decomposition of organic matter in 
flooded soil. Soil Biol. Biochem. 1:106-116. 
14. Bethea, R. M. and M. C. Meador. 1969. Gas chromatographic analysis 
of reactive gases in air. J. Chromatographic Sci. 7:655-664. 
15. Bohn, H. L. 1971. Redox potentials. Soil Sci. 112:39-45. 
16. Bollag, J. M. 1970. Denitrification by isolated soil bacteria under 
various environmental conditions. Soil Sci. Soc. Amer. Proc. 34: 
875-879. 
17. Bouwer, H. 1968. Returning wastes to the land, a new role for 
agriculture. J. Soil Water Cons. 23:164-168. 
18. Bremner, J. M. and K. Shaw. 1958. Denitrification in soil. I. Methods 
of investigation. J. Agr. Sci. 51:22-39. 
19. Bremner, J. M. and K. Shaw. 1958. Denitrification in soil. II. Factors 
affecting denitrification. J. Agr. Sci. 51:40-51. 
20. Bremner, J. M. 1965. Organic forms of nitrogen. In C. A. Black (ed.) 
Methods of Soil Analysis, Part 2. Agronomy 9: 1238-1286. Amer. 
Soc. Agron., Madison, Wis. 
21. Bremner, J. M. 1965. Inorganic forms of nitrogen. In C. A. Black (ed.) 
Methods of Soil Analysis, Part 2. Agronomy 9: 1177-1237. Amer. 
Soc. Agron., Madison, Wis. 
22. Broadbent, F. E. 1951. Denitrification in some California soils. 
Soil Sci. 72:129-138. 
23. Broadbent, F. E. and F. Clark. 1965. Denitrification. InW. V. 
Bartholomew (ed.) Soil Nitrogen. Agronomy 10:345-359. Amer. 
Soc. Agron., Madison, Wis. 
24. Broadbent, F. E. 1971 . Losses of nitrogen from flooded soils in tracer 
experiments. Soil Sci. Soc. Amer. Proc. 35:922. 
25. Burford, J. R. and R. J. Millington. 1968. Nitrous oxide in the 
atmosphere of a red-brown earth. Transactions of the 9th International 
Congress of SoiI Science, Amer. Elsevier Pub. Co., New York, 
pp 505-511. 
129 
26. Cady, F. B. and W. V. Bartholomew. 1960. Sequential products of 
anaerobic denitrification in Norfolk soil material. Soil Sci. Soc. 
Amer. Proc. 24:477-482. 
27. Cady, F. B. andW. V. Bartholomew. 1961. Influence of 
on denitrification process and products. Soil Sci. Soc 
Proc. 25:362-365. 
28. Cady, F. B. andW. V. Bartholomew. 1963. Investigations of nitric 
oxide reactions in soils. Soil Sci. Soc. Amer. Proc. 27:546-549. 
29. Clark, F. E. andW. E. Beard. 1960. Influence of organic matter on 
volatile loss of nitrogen from soil. Transactions of the 7th Inter¬ 
national Congress of Soil Science, Madison, Wis., pp 501-507. 
30. Cooper, G. S. and R. L. Smith. 1963. Sequence of products formed 
during denitrification in some diverse western soils. Soil Sci. Soc. 
Amer. Proc. 27:659-662. 
31. Cornfield, A. H. 1961. A simple technique for determining mineralization 
of carbon during incubation of soils treated with organic materials. 
Plant Soil 14:90-93. 
32. Crosby, J. W., D. Johnstone, and R. Feton. 1971. Migration of pol lutants 
in a glacial outwash environment. Water Resour. Res. 7: 204-208. 
33. Douglas, L. A. and J. M. Bremner. 1971 . An evaluation of the barium 
peroxide method of maintaining aerobic conditions and determining 
carbon dioxide evolution during incubation of soils treated with 
organic materials. Soil Biol. Biochem. 3:209-213. 
34. Ekpete, D. M. and A. H. Cornfield. 1965. Effect of pH and addition of 
organic matter on denitrification losses from soil. Nature 208:5016- 
5018. 
35. Elliot, L. F. and T. M. McCalla. 1972. The composition of the soiI 
atmosphere beneath a beef cattle field and a cropped field. Soil 
Sci. Soc. Amer. Proc. 36:68-70. 
36. Erickson, A. E., J. M. Tiedje, B. G. Ellis, and C. M. Hansen. 1972. 
Initial observations of several medium sized barriered landscape water 
renovation systems for animal wastes. In Waste Management Research, 
Proceedings of the 1972 Cornel! Agricultural Waste Management Con¬ 
ference. Graphics Management Corp., Washington, D. C. , pp 405- 
410. 
!°Le?2 
130 
37. Frink, C. R. 1969. Water pollution potential estimated from farm 
nutrient budgets. Agron. J. 61:550-553. 
38. Gillham, R. W. and L. R. Webber. 1969. Nitrogen contamination of 
ground water by barnyard leachates. J. Water Pollution Control 
Fed. 41:1752-1762. 
39. Grass, L. B., A. J. Mackenzie, B. D. Meek, andW. F. Spencer. 1973. 
Manganese and iron solubility changes as a factor in tile drain clogging: 
I. Observations during flooding and drying. Soil Sci. Soc. Amer. Proc. 
37:14-17. 
40. Greenland, D. J. 1962. Denitrification in some tropical soils. J.Agr.Sci. 
58:227-233. 
41. Greweling, T. 1966. The Chemical Analysis of Plant Tissue. Agron. Memo 
No. 6622, Cornell University, Ithaca, New York, pp 14-16; 28-30. 
42. Heck, F. A. 1931. Conservation and availability of the nitrogen in farm 
manure. Soil Sci. 31:335-359. 
43. Hollis, O. L. and W. V. Hayes. 1966. Gas separations on microporous 
polymers, hi A. B. Littlewood (ed.) Gas Chromatography 1966. 
The Institute of Petroleum, London, England, pp 57-69. 
44. Hutchinson, G. L. and F. G. Viets, Jr. 1969. Nitrogen enrichment of 
surface water by adsorption of ammonia volatilized from cattle feed 
lots. Science 166:514-515. 
45. Kardos, L. T. 1967. Waste water renovation by the land, a living filter. 
In Agriculture and the Quality of our Environment. Amer. Assoc. 
Adv. Sci. Pub. 85:241-250. 
46. Keeney, D. R. 1973. The nitrogen cycle in sediment water systems. 
J. Environ. Quality 2:15-29. 
47. Keller, W. D. and G. E. Smith. 1967. Ground-Water Contamination 
by Dissolved Nitrate. The Geological Society of America, Special 
Paper 90. 
48. Khan, M. F. A. and A. W. Moore. 1968. Denitrifying capacity of 
some Alberta soils. Can. J. Soil Sci. 48:89-91. 
49. Kimble, J. M., R. J. Bartlett, J. L. McIntosh, and K. E. Varney. 1972. 
Fate of nitrate from manure and inorganic nitrogen in a clay soil 
cropped to continuous com. J. Environ. Quality 1:413-415. 
131 
50. Kobo, K., Y. Takai, H. Wada, and H. Kagawa. 1971. Effects of 
percolation on the chemical and biological condition of waterlogged 
paddy soils. I. Oxidation-reduction potential. SoiI Sci. Plant 
Nutrition 17: 174, Abstract. 
51 . Koyama, T. 1963. Gaseous metabolism in lake sediments and paddy soils 
and the production of atmospheric methane and hydrogen. J. Geophys. 
Res. 68:3971-3973. 
52. Loehr, R. C. 1969. The challenge of animal waste management. In 
Animal Waste Management. Cornell University Press, New York, 
pp 17-22. 
53. Loehr, R. C. 1970. Changing practices in agriculture and their effect 
on the environment. Critical Reviews in Environmental Control 
1:69-99 (Chemical Rubber Co., Cleveland, Ohio). 
54. Loehr, R. C. 1970. Control of nitrogen from animal wastewaters. 
Proceedings of the Twelfth Sanitary Engineering Conference, 
February 1970, University of Illinois, pp 177-188. 
55. MacMillan, K., T. W. Scott, and T. W. Bateman. 1972. A study of 
corn response and soil nitrogen transformations upon application of 
different rates and sources of chicken manure. In Waste Management 
Research, Proceedings of the 1972 Cornell Agricultural Waste Manage¬ 
ment Conference. Graphics Management Corp. , Washington, D. C., 
pp 481-493. 
56. Mahendrappa, M. K. and R. L. Smith. 1966. Some effects of moisture on 
denitrification in acid and alkaline soils. Soil Sci. Soc. Amer. Proc. 
31:212-215. 
57. Marriott, L. F. and H. D. Bartlett. 1972. Contribution of animal waste to 
nitrate nitrogen in soil. In Waste Management Research, Proceedings 
of the 1972 Cornell Agricultural Waste Management Conference. 
Graphics Management Corp., Washington, D. C., pp 435-440. 
58. Martin, W. P. 1970. Soil as an animal waste disposal medium. 
J. Soil Water Cons. 25:43-45. 
59. Mathers, A. C. and B. A. Stewart. 1970. Nitrogen transformations and 
plant growth as affected by applying large amounts of cattle feedlot 
wastes to soil. In Relation of Agriculture to Soil and Water Pollution. 
Cornell University Press, Ithaca, New York, pp 207-214. 
132 
60. McEachron, R. W., P. J. Zwerman, C. D. Kearl, and R. B. Musgrave. 
1969. Economic return from various land disposal systems for dairy 
cattle manure. In Animal Waste Management. Cornell University 
Press, Ithaca, New York, pp 393-400. 
61. McGarity, J. W. 1962. The effect of freezing of soil on denitrification. 
Nature 196:1340-1343. 
62. McGarity, J. W. and J. A. Rajaratnam. 1973. Apparatus for the 
measurement of losses of nitrogen as gas from the field and simulated 
field environments. Soil Biol. Biochem. 5:121-131. 
63. Meek, B. D., L. B. Grass, L. S. Willardson, and A. J. Mackenzie. 1970. 
Nitrate transformations in a column with controlled water table. Soil 
Sci. Soc. Amer. Proc. 34:235-240. 
64. Meek, B. D. and A. J. Mackenzie. 1965. The effect of nitrite and 
organic matter on aerobic gaseous losses of nitrogen from a calcareous 
soil. Soil Sci. Soc. Amer. Proc. 29:176-178. 
65. Meek, B. D., A. J. Mackenzie, and L. B. Grass. 1968. Effects of 
organic matter, flooding time and temperature on the dissolution 
of iron and manganese from soil in situ. Soil Sci. Soc. Amer. 
Proc. 32:634-638. 
66. Mielke, L. N., J. R. Ellis, N. P. Swanson, J. C. Lorimor, and 
T. M. McCalla. 1970. Ground water quality and fluctuation in 
a shallow unconfined aquifer under a level feedlot. In Relationship 
of Agriculture to SoiI and Water Pollution. Cornell University Press, 
Ithaca, New York, pp 31-40. 
67. Murphy, L. S., G. W. Wallingford, W. L. Powers, and H. L. Manges. 
1972. Effects of solid beef feedlot wastes on soil conditions and 
plant growth. In Waste Management Research, Proceedings of the 
1972 Cornell Agricultural Waste Management Conference. Graphics 
Management Corp., Washington, D. C., pp 449-464. 
68. Myers, R. J. K. and J. W. McGarity. 1971. Factors influencing high 
denitrifying activity in the subsoil of solodized solonetz. Plant Soil 
35:145-160. 
69. Nelson, D. W. and J. M. Bremner. 1969. Factors affecting chemical 
transformations of nitrite in soi Is. Soil Biol. Biochem. 1:229-239. 
70. Nelson, D. W. and J. M. Bremner. 1970. Gaseous products of nitrite 
decomposition in soils. Soil Biol. Biochem. 2:203-215. 
133 
71. ObermiIler, E. L. and G. O. Charlier. 1968. Gas chromatographic 
separation of nitrogen, oxygen, argon, carbon monoxide, carbon 
dioxide, hydrogen sulfide and sulfur dioxide. J. Gas Chromatoqraphy 
6:446-447. 
72. Obermi I ler, E. L. and G. O. Charlier. 1969. Gas chromatographic 
separation of nitrogen, oxygen, argon, carbon monoxide, carbon 
dioxide, hydrogen sulfide, carbonyl sulfide and sulfur dioxide. 
J. Chromatographic Sci. 7:580. 
73. Olomu, M. O., G. J. Racz, and C. M. Cho. 1973. Effect of flooding 
on the Eh, pH and concentrations of Fe and Mn in several Manitoba 
soils. Soil Sci. Soc. Amer. Proc. 37:221-224. 
74. Olsen, R. J., R. F. Hens ler, O. J. Attoe, and S. A. Witzel. 1968. 
Comparison of inorganic nitrogen contents of undisturbed, cultivated 
and barnyard soiI profiles in Wisconsin. Soil Sci. Soc. Amer. Proc. 
34:699-701. 
75. Olsen, R. J., R. F. Hensler, and O. J. Attoe. 1970. Effect of manure 
application, aeration, and soil pH on soil nitrogen transformations 
and certain soil test values. Soil Sci. Soc. Amer. Proc. 36:68-70. 
76. Ottow, J. C. G. and H. Glathe. 1971. Isolation and identification of 
iron-reducing bacteria from gley soils. Soil Biol. Biochem. 3:43-55. 
77. Overman, A. R., C. C. Hortenstine, and J. M. Wing. 1970. Land dis¬ 
posal of dairy farm waste. In Relation of Agriculture to Soil and Water 
Pollution. Cornell University Press, Ithaca, New York, pp 123-126. 
78. Painter, H. A. 1970. A review of literature on inorganic metabolism in 
microorganisms. Water Res. 4:393-450. 
79. Patrick, W. H. 1960. Nitrate reduction rates in a submerged soil as 
affected by redox potential. Transactions of the 7th International 
Congress of Soil Science, Madison, Wis., pp 494-500. 
80. Patrick, W. H. and I. C. Mahapatra. 1968. Transformation and avail¬ 
ability to rice of nitrogen and phosphorus in waterlogged soils. 
Advance. Agron. 20:323-359. 
81. Pilot, L. andW. H. Patrick. 1972. Nitrate reduction in soils: Effect 
of soil moisture tension. Soil Sci. 114:312-316. 
134 
82. Ponnamperuma, F. N., E M. Tianco, and T A. Loy. 1967. Redox 
equilibria in flooded soils. I. The iron hydroxide systems. Soil 
Sci. 103:374-382. 
83. Ponnamperuma, F. N., T. A. Loy, and E. M. Tianco. 1969. Redox 
equilibria in flooded soils. II. The manganese oxide systems. Soil 
Sci. 108:48-57. 
84. Prakasam, T. B. S. and R. C. Loehr. 1972. Microbial nitrification and 
denitrification in concentrated wastes. Water Res. 6:859-869. 
85. Reuss, J. O. and R. L. Smith. 1965. Chemical reactions of nitrites in 
acid soils. Soil Sci. Soc. Amer. Proc. 27:267-270. 
86. Ross, P. J., A. E. Martin, and E. F. Henzell. 1968. Gas lysimetry as 
a technique in nitrogen studies on the soihplant atmosphere system. 
Transactions of the 9th International Congress of Soil Science, 
Vol. II. Amer. Elsevier Pub. Co., New York, pp 487-493. 
87. Russell, E. J. and E. H. Richards. 1917. The changes taking place 
during the storage of farmyard manure. J. Agr. Sci. 8:495-563. 
88. Salter, R. M. and C. J. Schollenberger. 1938. Farm manure. In Soils 
and Men, Yearbook of Agriculture. U. S. Department of Agriculture, 
U. S. Government Printing Office, Washington, D. C., pp 445-461. 
89. Salter, R. M. and C. J. Schollenberger. 1939. Farm Manure. OhioAgr. 
Expt. Sta. Bull. 605. 
90. Schultz, D. A. 1970. A balance sheet method of determining the contri¬ 
bution of agricultural wastes to surface water pollution. In Relation¬ 
ship of Agriculture to Soil and Water Pollution. Cornell University 
Press, Ithaca, New York, pp 251-262. 
91. Smith, D. H. and F. E. Clark. 1960. Volatile losses of nitrogen from 
acid of neutral soils or solutions containing nitrite and ammonium 
ions. Soil Sci. 90:86-92. 
92. Smith, G. E. 1967. Fertilizer nutrients as contaminants in water supplies. 
In Agriculture and the Quality of our Environment. Amer. Assoc. Adv. 
Sci. Pub. 85. 
93. Smith, G. E. 1968. Water Pollution as Related to Agriculture. Paper 
presented during joint seminar between University of Missouri, 
Columbia, College of Agriculture, and Missouri Water Pollution 
Board, pp 1-28. 
135 
94. St. Amant, J. 1969. Treatment of high nitrate waters. J. Amer. Water 
Works Assoc. 61:659-662. 
95. Steen, W. C. and B. J. Stojanovic. 1971 . Nitric oxide volatilization 
from a calcareous soil and model aqueous solutions. Soil Sci. Soc. 
Amer. Proc. 35:277-282. 
96. Stefanson, R. C. and D. J. Greenland. 1970. Measurement of nitrogen 
and nitrous oxide evolution from soil-plant systems using sealed 
growth chambers. Soil Sci. 109:203-206. 
97. Stewart, B. A., F. G. Viets, Jr., and G. L. Hutchinson. 1968. 
Agriculture's effect on nitrate pollution of groundwater. 
J. Soil Water Cons. 23: 13-15. 
98. Stewart, B. A., F. G. Viets, Jr., G. L. Hutchinson, andW. D. Kemper. 
1967. Nitrate and other water pollutants under fields and feedlots. 
Environ. Sci. Technol. 1:736-739. 
99. Stumm,W. and J. J. Morgan. 1970. Aquatic Chemistry. Wiley- 
Interscience, New York, 583 pp. 
100. Toerien, D. F. andW. H. J. Hattingh. 1969. Anaerobic digestion. 
I. The microbiology of anaerobic digestion. Water Res. 3: 385-416. 
101. Tyler, K. B. and F. E. Broadbent. 1960. Nitrite transformations in 
California soiIs. Soil Sci. Soc. Amer. Proc. 24:279-282. 
102. Valera, C. L. and M. Alexander. 1961 . Nutrition and physiology of 
denitrifying bacteria. Plant Soil 15:268-280. 
103. Wadleigh, C. H. 1968. Wastes in Relation to Agriculture and Forestry. 
Misc. Pub. 1065. U. S. Department of Agriculture, Washington, D.C. 
104. Webber, L. R. and T. H. Lane. 1969. The nitrogen problem in land 
disposal of liquid manure. In Animal Waste Management. Cornell 
University Press, Ithaca, New York, pp 124-130. 
105. Webber, L. R. 1971. Animal wastes. J. Soil Water Cons. 26:47-50. 
106. Weeks, M. E. 1966. Farm Manure, Its Handling and Use. Mass. Agr. 
Expt. Sta. Pub. 444, University of Massachusetts, Amherst. 
107. Weeks, M. E., M. E. Hill, S. Karczmarczyk, and A. M. Blackmer. 1972. 
Heavy manure applications: Benefit or waste? Ij] Waste Management 
Research, Proceedings of the 1972 Cornell Agricultural Waste Manage¬ 
ment Conference. Graphics Management Corp., Washington, D.C., 
pp 441-447. 
136 
108. Wifler, J. and C. C. Delwiche. 1954. Investigations on the denitrifying 
process in soil. Plant Soil 2:155-169. 
109. Woldendorp, J. W. 1962. The quantitati ve influence of the rhizosphere 
on denitrification. Plant Soil 17:267-270. 
110. Yamaguchi, M., F. D. Howard, D. L. Hughes, and W. J. Flocker. 
1962. An improved technique for sampling and analysis of soil 
atmospheres. Soil Sci. Soc. Amer. Proc. 26:512-513. 
111. Yamane, I. and K. Sato. 1964. Decomposition of glucose and gas 
formation in flooded soil. Soil Sci. Plant Nutr. 10:127-123. 
112. Yamane, I. and K. Sato. 1968. Initial rapid drop of oxidation-reduction 
potential in submerged air-dried soils. Soil Sci. Plant Nutr. 14: 68- 
72. 
113. Zwerman, P. J., A. B. Drielsma, G. D. Jones, S. D. Klausner, and 
D. Ell is. 1970. Rates of water infiltration resulting from applications 
of dairy manure. In Relationship of Agriculture to Soil and Water 
Pollution. Cornell University Press, Ithaca, New York, pp 263-270. 
114. Zwerman, P. J., S. P. Klausner, D. R. Bouldin and D. Ellis. 1972. 
Surface runoff nutrient losses from various land disposal systems for 
dairy manure. In Waste Management Research, Proceedings of the 
1972 Cornell Agricultural Waste Management Conference. Graphics 
Management Corp., Washington, D. C., pp 495-501. 

